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c h a p t e r  1
In t roduct ion
A considerable part of the photoassimilates produced by plants is allocated
to developing seeds, where they are stored as starch, oil and proteins until
germination. It is for that reason that many seeds are exploited as crop
products: approximately 70% of the total amount of food for human
consumption is derived from seeds, mainly cereals (e.g. rice, maize, and wheat)
and grain legumes (e.g. soybean, common bean, and pea) (Zamski 1995).
Because of the economic importance, assimilate transport towards seeds has
been extensively investigated, often with legumes as model plant (reviews by
Thorne 1985, Ho 1988, Wolswinkel 1992, Patrick 1997, Weber et al. 1998,
Patrick and Offler 2001).
Leguminous seeds consist of an embryo and a maternal seed coat, which
are symplasmically isolated from each other (fig. 1). In order to reach the
storage cells of the embryo, solutes have to cross at least two membranes: the
plasma membrane of the seed coat parenchyma and the plasma membrane of
epidermal cells of the cotyledons. Three processes, described below, influence
the amount of solutes delivered to the embryo: (1) transport of solutes from
the mother plant to the seed, (2) seed coat unloading, and (3) solute uptake
by the embryo.
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The translocation of solutes (mainly sucrose, amino acids and potassium)
from the sources of the plant to the sinks is mediated by the phloem. The
driving force for this transport is described in the pressure flow hypothesis of
Münch (1930). According to this theory, the sieve elements in the phloem of
source regions accumulate assimilates. This is followed by osmotic water
influx, which results in high turgor pressure. The opposite takes place in the
sink, where solutes are removed from the phloem path. Consequently, the
osmotic potential in the sieve elements of the sink is less negative and the
turgor pressure is lower than in the source. The turgor pressure gradient
between the phloem extremities in source and sink drives a bulk flow of water
and nutrients through the interconnecting phloem. 
In leguminous seeds, the turgor pressure of seed coat parenchyma cells is
low:  ~ 0.1 MPa (Shackel and Turner 2000). The osmotic potential of the seed
coat apoplast is approximately   -1 MPa, which corresponds with an osmolarity
of  ~ 400 mOsmol (Lanfermeijer et al. 1990, Patrick 1984). Interestingly,
changes in the concentration of osmolytes in the apoplast affect assimilate
transport towards the seed. This was shown in experiments in which the
embryo was surgically removed from the seed while the seed coat was still
attached to the plant. The remaining “empty seed coat” was subsequently
filled with solutions containing sucrose or mannitol as osmoticum.  When the
osmolarity of this solution was less than 400 mOsmol, labelled solutes
administered to the plant via a petiole are released more slowly into “empty
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F igure  1 . Anatomy of a pea fruit. a) Mature pod ,  ~ 30 days after flowering. b) Pea seed: the two
cotyledons (cot) of the embryo are surrounded by a maternal seed coat (sc) with three vascular
bundles (vb). The funiculus (f) connects the seed coat with the mother plant. c) Cross section through
a seed 14 days after flowering. The seed coat consists of two distinct layers: a wax-coated outer layer
of thick walled sclerenchyma cells (scler) and an inner layer of parenchyma cells (par). The cotyledons
and the seed coat are symplasmically isolated from each other. (After Van Dongen et al. 2000).
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seed coats” than into intact ovules. This effect lasted for several hours. The
inhibition is probably a result of the increase in turgor pressure of the sieve
elements in the seed coat, which slows down the phloem bulk flow and
reduces assimilate import into the seed coat (Wolswinkel and Ammerlaan 1984,
reviewed in Wolswinkel 1992). 
When assimilate efflux was measured from seed coats detached from the
mother plant, opposite effects were observed. The release from seed coats
increased when the solute concentration in the apoplast decreased (Patrick
1983). This stimulation was most obvious after 10-15 minutes (Patrick 1984).
Since the seed coats were disconnected from the mother plant, these
experiments focussed on the release of solutes from the seed coat rather than
on phloem import. Apparently, the seed coat is triggered to increase assimilate
efflux from the seed coat when the embryo takes up nutrients from the
apoplast. Meanwhile, the increased release prevents the turgor pressure
gradient in the phloem to collapse, which would result in diminishing of the
import. This feed back system has been adopted in the “Turgor Homeostat
Model” (Patrick 1994) in which it is hypothesised that trespassing a certain
turgor pressure activates transporters in the plasma membrane of seed coat
parenchyma cells. 
The release of solutes from seed coat parenchyma cells is most likely
mediated by proteins, since the phospholipid bilayer itself is hardly permeable
to water, ions and other hydrophilic solutes like sugars and amino acids.
However, protein candidates responsible for assimilate unloading have not yet
been identified. In soybean a Sucrose Binding Protein (SBP) was identified
that induced non-saturable sucrose uptake after expression in yeast mutants
that are deficient in sucrose transporters (Overvoorde et al. 1996). In seed
coats of broad bean, this protein was immunolocalised exclusively in the
plasma membranes of wall ingrowth regions of the transfer cells thought to
be involved in sucrose unloading (Harrington et al. 1997). This suggests SBP
to be a sucrose transporter. However, SBP contains only a single hydrophobic
domain (Overvoorde et al. 1997), which does not favour its hypothetical
function as a transporter. Moreover, the linear kinetics shown for sucrose
uptake in yeast after complementation with SBP suggest a low affinity for the
substrate, which is not in line with a sucrose binding function (De Jong and
Borstlap 2000). Therefore, it remains controversial whether SBP functions in
the seed coat as a sucrose transporter.
Based on experiments with common bean and broad bean, seed coat
unloading of sucrose has been suggested to be mediated by H+-antiporters
(Fieuw and Patrick 1993, Walker et al. 1995) because it was inhibited by the
addition of the protonophore CCCP. In contrast, the release of sucrose and
amino acids from seed coats of pea was not affected by CCCP nor by changing
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the pH of the bathing solution (De Jong and Wolswinkel 1995). Further
experiments, in which the uptake kinetics of radioactively labelled solutes in
isolated pea seed coat halves was assessed, lead to the hypothesis that seed coat
unloading is mediated by poorly selective, pore-forming proteins. Evidence
for this was obtained from experiments in which the uptake kinetics of
radioactively labelled solutes in isolated seed coat halves was assessed (De Jong
et al. 1996, 1997). For various sugars and amino acids, De Jong and co-workers
found linear relationships between the substrate concentration in the bathing
medium and the uptake rate (table 1), hence permeability coefficients could
be assigned to the diffusion-like transport across the plasma membrane of seed
coat parenchyma cells. Influx could be inhibited by the sulfhydryl agent
pCMBS, indicating that a protein is involved. Since for diffusion, the direction
of transport depends on the direction of the (electro)chemical gradient of the
substrate, permeability coefficients derived from uptake experiments also apply
for substrate efflux. Interestingly, the estimated permeability coefficients for
the solutes tested by De Jong et al. (1996, 1997) were very similar, which
indicated a common transport system for these solutes. 
Uptake of solutes by the embryo is mediated by passive as well as by active
transport systems mainly located in epidermal transfer cells of the cotyledons.
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Tab le  1 .  Relative uptake rates (v/S) of several neutral solutes imported by isolated pea seed coat
halves in the presence or absence of the sulfhydryl reagent pCMBS or the protonophore CCCP. The
relative uptake rate, defined as influx over substrate concentration, is proportional to the membrane
permeability. Note the widely different concentrations at which relative uptake rates were
determined. nd, not determined; AIB, 2-aminoisobutyric acid; ACPC, 1-aminocyclopentane-1-carboxylic
acid. (Results from De Jong et al. 1996, 1997).
substrate concentration v/S v/S v/S
+ pCMBS +CCCP
(µmol g-1 min-1 M-1) (µmol g-1 min-1 M-1) (µmol g-1 min-1 M-1)
sucrose 53 nM 6.4 3.7 6.9
100 mM 6.2 4.0 5.2
mannitol 500 nM 5.1 4.2 nd
100 mM 5.1 4.7 nd
valine 74 nM 11.7 4.7 9.3
100 mM 10.5 nd 12.8
alanine 1.86 µM 15.3 nd nd
threonine 5.12 µM 13.6 nd nd
AIB 264 nM 15.3 nd nd
ACPC 337 nM 8.7 nd nd
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In pea seeds, amino acid uptake by young cotyledons is mediated by diffusion,
but later during development active uptake systems, presumably proton
symporters, also contribute to the amino acid uptake also (Lanfermeijer et al.
1990, Tegeder et al. 2000). Similarly, sucrose transport into the cotyledons of
pea consists of a linear and a saturable component, at least during the storage
phase of seed development (Lanfermeijer et al. 1991, Tegeder et al. 1999).
For Vicia it was found that a sucrose uptake system developed when the
embryo switched from the growing phase to the storage phase (Weber et al.
1997, 1998). This coincided with a change in the sugar composition within
the seed, which is tightly correlated with the developmental phase of the
embryo. During the growing phase, the concentration of hexoses in the seed
coat apoplast is high, while the storage phase is characterised by an increasing
sucrose concentration. 
Unloading from seed coats involves not only solutes. During seed growth
water is co-imported with the assimilates by the phloem, and has to be released
from the seed coat parenchyma. Transport of water across the plasma
membrane of the seed coat parenchyma cells is probably mediated by pore-
forming proteins known as aquaporins, which belong to the ubiquitous protein
family of the Major Intrinsic Proteins (MIPs).
MIPs have a typical structure of six membrane spanning α-helices and
two loops that dip into the membrane. MIPs contain several highly conserved
residues including two asparagine-proline-alanine motifs (Fig. 2). Four
proteins, each with a single pore are assembled in the membrane as tetramers
(Engel et al. 2000). The best known members of the MIP family are the
aquaporins, which are highly selective for water. Several other MIPs increase
the membrane permeability for solutes like glycerol and urea. One MIP,
present in rat liver cells, has been described as a broad specificity, neutral solute
channel (Tsukaguchi et al. 1998). For some MIPs ion transport has been
reported, but this seems an exception rather than a rule. Although the first
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F i g u re  2 . Topology of a single membrane
spanning Major Intrinsic Protein. Six right-hand
tilted alpha helices (1-6) cross the membrane. They
are linked by hydrophilic loops, two of which are
slightly hydrophobic and bend inward into the
protein, giving shape to the pore. These loops
contain the highly conserved asparagine-proline-
alanine (NPA) boxes. The NH2- and COOH-termini
are localised in the cytosol, the opposite part of
the protein is orientated towards the apoplast or
the vacuolar lumen. (Illustration taken from
Kjellbom et al. 1999)
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MIP has been discovered only 10 years ago (Preston et al. 1992), many reviews
have already been written about the structure and function of MIPs (van Os
et al. 1994, Maurel 1997, Kjellbom et al. 1999, Heymann and Engel 1999,
Tyerman et al. 1999, Santoni et al. 2000).
At present about 300 representatives of the MIP family are known and
they occur in all kinds of organisms. In mammals, at least 10 aquaporins are
expressed, predominantly in the kidney, but also in brain, liver, eye and
erythrocytes. In bacteria and fungi, MIPs that facilitate glycerol transport are
common. In yeast, a glycerol facilitator has been detected that is involved in
osmoregulation (Hohmann et al. 2000). Plants possess many MIP homologues.
In maize for example, 28 MIPs were identified (Chaumont et al. 2001) and
35 MIPs have been found in Arabidopsis (Johanson et al.  2001). In the latter
species, they constitute approximately 5% of all plasma membrane proteins
(Schäffner 1998). In spinach leaves, MIPs make up a portion of around 20%
of all membrane proteins (Johanson et al. 1996).
The abundance of MIPs in plants is probably related to a variety of
temporal and spatial regulation mechanisms (Kjellbom et al. 1999). In plants
several subtypes can be discerned within the MIP family, which localise either
to the plasma membrane or the tonoplast. Expression of a MIP can be limited
to a single organ or cell-type, but it can also extend throughout the entire
plant. Several MIPs are developmentally regulated, while others are
constitutively expressed. Also environmental factors, like drought and radiation
(especially blue light), or plant hormones like abscisic acid or gibberellins,
affect the expression of certain MIPs. Many MIPs contain putative recognition
sites for kinases, and phosphorylation of these sites has already been shown to
be involved in the regulation of the permeability of a few pores. 
MIPs are involved in a wide range of plant physiological processes, such
as cell elongation, opening and closure of stomata, the response to drought,
uptake and efflux of water from the phloem and the xylem, and imbibition
of pollen and seeds (Maurel and Chrispeels 2001). 
O u t l i n e  o f  t h i s  t h e s i s
The research described in this thesis concerns transport processes in coats
of developing pea seeds. With this work it was attempted to find answers to
the following questions:
• In which cell type of the seed coat is assimilate unloading located?
• By what mechanism are solutes released from the seed coat?
• What role do Major Intrinsic Proteins play in seed coat unloading of water
and solutes?
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To obtain indications about the site where assimilates are unloaded into
the apoplast of pea seed coats, the symplasmic transport pathway was visualised
by using fluorescent tracers. These observations were related to anatomical
features as revealed by both light microscopy and cryo-scanning electron
microscopy. The results are described and discussed in chapter 2.
De Jong and co-workers described the kinetics of the transport of neutral
solutes across the plasma membrane of seed coat cells, which lead to the
hypothesis of poorly selective pores. In chapter 3, a kinetic and
electrophysiological study is presented of the transport of organic cations into
pea seed coats. The results are discussed in relation to the findings of De Jong
et al. (1996, 1997) and the implications for our understanding of assimilate
unloading in pea seed coats are delineated. 
The entwined processes of water transport and assimilate unloading from
seed coats suggest a role for Major Intrinsic Proteins. First, because of their
capability to transport water, driven by osmotic gradients, and second because
a few MIPs are permeable for solutes or ions. It could be, therefore, that the
poorly selective pore suggested to be involved in assimilate release is a member
of the MIP-family. The fourth chapter reports the identification of MIPs
expressed in the pea seed coat. Their expression patterns in the plant and
during seed development and germination are presented, and their amino acid
sequences are compared with those of a typical aquaporin (AQP1) and of the
glycerol facilitator (GlpF) of Escherichia coli. In the fifth chapter, the function
of the MIPs is explored using heterologous expression of the proteins in
oocytes of the frog Xenopus laevis.
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C h a p t e r  2
St ructure  of  the  deve lop ing  pea  
seed  coat  and  the  post -ph loem 
t ransport  pathway  of  nut r ients
with Ankie M.H. Ammerlaan, Madeleine Wouterlood, 
Adriaan C. van Aelst and Adrianus C. Borstlap
A b s t r a c t
An important function of the seed coat is to deliver nutrients to the growing embryo. To
relate this function to the anatomical characteristics, a detailed description of the developing
pea seed coat is given by using both light- and cryo scanning electron microscopy (cryo-SEM).
Five different cell-type layers can be distinguished: a sclerenchymatous epidermis and
hypodermis, and a parenchymatous layer that can be subdivided into chlorenchyma, ground
parenchyma and branched parenchyma. Since an extensive vascular web is absent in the pea
seed coat, assimilates are distributed throughout the seed coat by symplasmic transport through
the chlorenchyma and ground parenchyma. This has been visualised by using the fluorescent
symplast tracer 8-hydroxypyrene-1,3,6-trisulfonic acid (HPTS). Cryo-SEM images showed that
only a small part of the intercellular spaces is filled with air. The remaining part is filled with
water and has a solute concentration similar to the symplast. The water filled intercellular space
of the parenchyma is suggested to facilitate assimilate diffusion from the site of unloading
towards the cotyledons. These observations are discussed in line with two other leguminous
seed coats, from Vicia and Phaseolus of which assimilate transport through the seed coat has
been determined before. It is concluded that, although closely related, the way of assimilate
transport and unloading in Pisum is distinct from both Vicia and Phaseolus.
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I n t r o d u c t i o n  
The seed coat of legumes consists mainly of parenchyma cells surrounded
by a sclerenchyma layer. Dependent on the species the seed coat contains
either a restricted or an extensive vascular network (Corner 1951, Esau 1977).
The coat is of major importance for the seed since it protects the embryo
against mechanical damage and fast uptake of water during imbibition to avoid
lethal damage to the seedling (Powell and Matthews 1978). Besides, the seed
coat delivers solutes to the embryo during its development. Both carbon and
nitrogen compounds are mainly imported into the seed coat from the mother
plant by the phloem (Lewis and Pate 1973, Peoples et al. 1985, Thorne 1985).
As stated for cowpea (Vigna unguiculata), import of nitrogen via the xylem is
restricted to early development (0-11 days) only. During later stages  the xylem
functions primarily to export the excess of water imported into the seed coat
by phloem bulk flow (Pate et al. 1985, Peoples et al. 1985). 
Since the maternal seed coat and the embryo are symplasmically isolated
from each other, nutrients have to be released into the apoplast before the
cotyledons can take them up. Imported sucrose leaves the seed coat unaltered
and, at least during the filling stage, is taken up directly by the cotyledons.
During early development sucrose released from the seed coat may be
hydrolysed by cell wall-bound invertases, as has been shown for fava bean
(Weber et al. 1995, 1997). Amino acids are extensively processed in the seed
coat for the amino acid composition of the imported phloem sap differs
substantially from what is exported to the embryo (Wolswinkel and De Ruiter
1985, Rochat and Boutin 1991, Lanfermeijer et al. 1989, 1992).The transport
pathway of assimilates through the seed coat in relation to its anatomy has
been studied in great detail for Vicia faba and Phaseolus vulgaris but not for
Pisum sativum. Although the species are closely related, there are several
differences in vasculature and cell architecture. In this study we relate
anatomical features of the developing pea seed coat as revealed by light
microscopy and cryo-scanning electron microscopy (cryo-SEM) to its function
as a passage way for nutrients from mother plant to embryo. The post-phloem
symplasmic transport pathway through the seed coat was visualised using the
fluorescent dye 8-hydroxypyrene-1,3,6-trisulfonic acid (HPTS), also known
as pyranine. Rapidly frozen seed coat tissue was examined by cryo-SEM to
assess whether the intercellular spaces in the parenchyma layer are filled with
air or liquid.
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M a t e r i a l  a n d  m e t h o d s
P l a n t s
Pea plants (Pisum sativum L. cv. Marzia) were grown on soil in a growth
chamber with a daily regime of 16 hours light at 18°C and 8 hours dark at
15°C (De Jong and Wolswinkel, 1995). Developing seeds at 10 days post
anthesis (dpa) were taken from pods tagged at the time of flowering. 
L i g h t  m i c r o s c o p y
The developmental stage of the seed coat, indicated in days post anthesis
(dpa), was deduced from the relative water content (RWC) of the cotyledons
(Lanfermeijer et al. 1989). Four developmental stages were selected at the ages
of 10, 15, 20 and 30 dpa.
Pieces of pea seed coat tissue of  a few mm3 were fixed during 5 days in
a fixative containing 0.2% glutaraldehyde, 3% paraformaldehyde, 2mM CaCl2,
10mM sucrose and 25mM PIPES adjusted to pH 7.5 (modified after
Harrington et al., 1997). Subsequently, the tissue was rinsed three times for
10 minutes with 25mM PIPES, pH7.5, and dehydrated through an increasing
ethanol series (30%, 50%, 70%, 80%, 96% and 100% twice) at 15 min intervals.
Ethanol was replaced with L.R. White acrylic polymer in ethanol (London
Resin, Company I EMS, USA) in a graded series from 20 to 100%. Tissue was
embedded in plastic capsules and polymerised under ultra violet light for 24-
48 hours. The entire procedure was performed at 4°C.
Slices (1µm thick) were cut on a glass knife using a Reichert OMU3
ultramicrotome, and subsequently placed on slides coated with 1% gelatine,
dried and stretched at 80°C, and stained with 0.5% toluidine blue in water for
5-10 seconds.
Micrographs were taken on an Olympus BX50 WI microscope equipped
with a digital camera (Sony DKC5000). 
C r y o - p l a n i n g  a n d  c r y o - S E M
The cryo-SEM images were obtained from fresh seeds fixed to a holder
with Tissue Freezing Medium (TBS, Electron Microscopy sciences,
Washington, USA) and frozen in liquid propane at -185°C. Material was used
for cryo-planing or cryo-fractioning. Using a cryo-ultra microtome (Reichert
UltraCut E/FC4D, Leica Germany) the seeds (-90°C) were pre-cutted with a
glass knife (-100°C) to create a flat surface. The ultimate planing was done
with an 8 mm diamond knife (Histo no-through, Drukker International, The
Netherlands) at -90°C by automatically grazing sections from of 100 -10 nm
(Nijsse and Van Aelst 1999). If no cryo-fractioning was carried out, the tissue
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was frozen in liquid nitrogen and broken inside the cryo-preparation chamber
(T1500 HF, Oxford Instruments, Oxon, England) attached to the microscope.
The specimens were partly freeze dried for two minutes at -90°C and 10-7
mbar. After sputter coating with 10 nm platinum the samples were analysed
in a field emission cryo-scanning electron microscope (JEOL 6300F, Tokyo,
Japan) at a temperature of -190°C. Images were digitally recorded. Photo
processing was done with Adobe PhotoShop 5.5.
R e v e a l i n g  t h e  p h l o e m  t r a n s p o r t  p a t h w a y  
b y  t h e  f l u o r e s c e n t  d y e  H P T S
Full-grown pea plants (8 weeks after germination) were cut one internode
below the pod and placed in a vial containing a solution of 1 mg ml-1 8-
acetoxypyrene-1,3,6-trisulphonic acid, trisodium salt (Ac-HPTS, Molecular
Probes Europe, Leiden, The Netherlands) 400mM sorbitol, 5mM MES/TRIS,
pH 5.5 (modified after Patrick et al. 1995). The shoots were left at 100%
relative air humidity for 24 - 48 hours. Hand-cut slices of the seed coat , 150
to 250 µm thick, were placed in 50% (v/v) glycerol in water on a glass slide
and viewed with an epifluorescence microscope (Olympus BX50-WI equipped
with a U-URA reflected light eluminator and U-MWB filter block).             
Photographs were made with a Sony DKC5000 digital camera and photo
processing was done using Adobe PhotoShop 5.5.
R e s u l t s  a n d  d i s c u s s i o n
During pea seed development, the main function of the seed coat is to
release nutrients for the embryo. These nutrients enter the seed through a
single vascular bundle in the funiculus that extends into the seed coat as the
chalazal vein with two lateral branches (fig. 1, Hardham 1976). The chalazal
vein consists of a central xylem bundle surrounded by phloem elements
(amphicribral bundle) and encircles about three-quarters of the seed. The two
lateral branches are much shorter phloem strands that run more or less parallel
to the radicula. Like in most legume species, the pea seed coat arises from the
outer integument. The inner integument is fully digested during the first three
days after anthesis (Hayward 1938). 
At four different developmental stages between 10 and 30 dpa, bright field
micrographs were made of cross sections through the seed coat in the chalazal
vein region (fig. 2). Cryo-SEM micrographs gave more detailed information
about structural aspects (fig. 3-6). At 10 dpa, the youngest stage shown, the
embryo is still very small and is surrounded by liquid endosperm. Between 10
and 15 dpa cell expansion causes an increase in the size of the seed coat (fig.
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2). At 15 dpa the liquid endosperm has largely disappeared and the expanding
cotyledons start to press against the seed coat and flatten its inner cell layers. 
C e l l  t y p e s  o f  t h e  p e a  s e e d  c o a t
The outermost cell layer is the epidermis with a cuticula that covers the
entire seed coat (fig. 3). In young seed coats (10 dpa) the protodermal cells
have a dense cytoplasma and several small vacuoles (fig. 2b). Between 10 and
15 dpa the protodermal cells elongate about four times and differentiate into
the palisade-like epidermal cells which are orientated perpendicular to the
seed surface (fig. 2 and 4). Just before the cotyledons start to increase rapidly
in size (20 dpa), the epidermal cells develop into sclereids (fig. 2 and 4). 
The hypodermis is located just below the epidermis (fig 2-4). In young
stages (until 10 dpa) the cells in this cell layer are very similar to adjacent
parenchyma cells (fig. 2b), but later they differentiate to what are known as
osteosclereids or hour-glass cells. When these cells obtain their final shape ( ~
20 dpa) they start to form secondary cell walls. Osteosclereids are typical of
the leguminous seed coat (Corner 1951), but no function has been described
for these cells until now.
The rest of the seed coat consists of parenchyma cells (fig. 2 and 4). Three
sub-layers can be discerned: chlorenchyma, ground parenchyma and branched
parenchyma. The parenchyma is characterised by intercellular spaces, which
are particularly large in the branched parenchyma. The intercellular spaces are
either filled with water or air (fig. 4-6). 
The chlorenchyma consists of large cells (up to 100 µm) that contain
chloroplasts (fig. 2 and 7). Apparently, light penetrates the pod wall and seed
coat in sufficient amounts to trigger the differentiation of proplastids into
chloroplasts.  Photosynthetic activity of the chloroplasts in the seed coat is
probably quite limited and their main function seems to be the transient
accumulation of starch (Pate 1984, Rochat and Boutin 1992). The second
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F igure  1 . Drawing of a mature pea seed,
showing the seed coat (sc) and the
cotyledons (cot) of the embryo inside.
Note the chalazal vascular bundle (vb)
that encircles about three quarters of the
seed and the two short side branches that
contain phloem only (b).
b
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parenchyma layer looks very much like the chlorenchyma, but the cells
contain less chloroplasts (fig. 2, 7). Since this is the most abounding cell type,
it is referred to as ground parenchyma. The innermost cells of the ground
parenchyma have no cell wall invaginations (fig. 5). 
The ground parenchyma changes gradually into the innermost layer, the
branched parenchyma which consists of small ( ~ 50 µm), irregularly shaped
cells with extensive intercellular spaces. When the cotyledons of the embryo
expand and start to push against the seed coat, the branched parenchyma and
the innermost layers of the ground parenchyma get squeezed (fig 2, 4 and 5).
All that remains of these cells is a flat mat of wall material. Together with cell
wall remnants of the nucellus and endosperm it forms the boundary layer,
about 30 µm across, between seed coat parenchyma and cotyledons (fig. 5).
C o m p a r i s o n  w i t h  o t h e r  l e g u m e  s e e d  c o a t s
Seed coat anatomy has been described in detail for many leguminous
species, but particularly for Vicia faba and Phaseolus vulgaris this has been
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R F i g u re  2 . Cross sections through the seed coat in the chalazal vein region at four different
developmental stages between 10 and 30 dpa. (a) Overview. (b) Details of the epidermis and the
hypodermis underneath it. Between 10-15 dpa, the epidermis cells elongate and the hypodermis cells
become hour glass shape. Substantial cell wall formation takes place in both cell layers from  ~ 20
dpa on. (c) Details of the chlorenchyma. Starch disappears after 20 dpa. (d) Details of the ground
parenchyma. (e) Details of the branched parenchyma. Before this cell layer is squeezed by the
expanding cotyledons (from 20 dpa on), it is characterised by small, irregular cells with extensive
intercellular spaces.
e, epidermis; h, hypodermis; ch, chlorenchyma; gp, ground parenchyma; bp, branched parenchyma;
vb, amphicribral vascular bundle. Bars indicate 100 µm (a), or 10 µm (b-e).
F igure  3 . Cryo-SEM micrograph  of the epidermis (e) covered with a cuticula (c). The bar represents
10 µm.
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F i g u re  4 . Cryo-SEM micrographs of seed coats about 12 (a) and 20 (b) dpa. The rapid freezing of
the seed coat fixes water where it actually is in vivo , enabling to distinguish between water filled
and air filled intercellular space. Note the inner seed coat parenchyma cells that get squeezed during
development resulting in a mat of cell wall material.
e, epidermis; h, hypodermis; ch, chlorenchyma; gp, ground parenchyma; bp, branched parenchyma;
wfa, water filled apoplast; afa, air filled apoplast. Bars indicate 10 µm.
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done in relation to solute transport. Generally considered, the anatomy of the
pea seed coat resembles that of other legumes though distinctions must be
made with regard to three transport related structural aspects: (1) Both Pisum
and Vicia (Offler et al. 1989) have a simple seed coat vasculature consisting
of a chalazal vein that only branches once, while Phaseolus has a web of veins
throughout the entire seed coat (Offler and Patrick 1984). (2) The innermost
cell layer (branched parenchyma) in Pisum seed coats looks mostly like that
of Phaseolus since in both species no cell wall ingrowths are found (Offler
and Patrick 1984). In contrast, the innermost parenchyma layer of Vicia (thin
walled parenchyma) is unique for its subdivision in one sub-layer with and
one without transfer cells (Offler and Patrick 1993). (3) In all three species,
intercellular spaces are most numerous in the innermost cell layer, but only
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F i g u re  5 . Cryo-SEM micrograph of the inner seed coat region, about 20 dpa, showing seed coat
parenchyma cells (psc), flattened branched parenchyma cells (bp), epidermal transfer cells (t) and
parenchyma cells (pcot) of the cotyledons. Note that cell wall invaginations are present in cotyledon
transfer cells (^) opposing the seed coat but are lacking in seed coat parenchyma. The density of the
white matrix in the black ice is related to the solute concentration in the water, which is highest in
cotyledon cells. The bar represents 10 µm.
^^ ^^ ^^^ ^^
psc
bp
pcot
t
co
tyled
o
n
seed
 co
at
tt
02.01-128.proefschrift  06-11-2001  13:23  Pagina 27
in Pisum and Vicia (Offler et al. 1989) these spaces extend into the ground
parenchyma. In Phaseolus seed coats the ground parenchyma is more densely
packed whereas the chlorenchyma is characterised by large intercellular spaces
(Offler and Patrick 1984). 
S y m p l a s m i c  t r a n s p o r t  p a t h w a y
To trace the symplasmic transport pathway of assimilates in the pea seed
coat, the commonly used 5,6-carboxyfluorescein-diacetate (CFDA) turned
out to be not useful since it also appeared in the xylem of the funiculus. It
was therefore uncertain whether  the dye was imported into the seed coat
exclusively by the phloem. HPTS-acetate is a useful alternative to CFDA.
Diffusion of HPTS across the membrane can be excluded (Wright et al. 1996)
because of its very negative charge (pKa of the three sulphonate groups is less
than 0.7 and the single hydroxyl group has a pKa of 7.3). But when loaded to
the plant as HPTS-Ac, it is efficiently taken up by the phloem and after
hydrolysis of the acetate group, HPTS is captured in the symplast. HPTS has
been shown to be phloem-mobile and because of the low membrane
permeability, its symplasmic transport is thought to be less influenced by
vacuolar sequestration than that of CF (Wright and Oparka 1996, Gisel et al.
1999). 
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R F igure  7 . Symplasmic transport of HPTS through the pea seed coat. (a) Bright field micrograph
of a section of fresh tissue in the chalazal vein region. (b) Control treatment in which no Ac-HPTS
was applied. Note the yellow autofluorescense of the xylem and the red autofluorescence of
chlorophyl, which is very intense in the chlorenchyma. (c) Three hours after supply of Ac-HPTS to the
stem, HPTS arrived in the scattered sieve elements of the amphicribral vascular bundle. After 6 hours
(d) and 16 hours (e), the dye is laterally transported through chlorenchyma and ground parenchyma.
(f) Even 40 hours after the start of the experiment, no HPTS was observed in branched parenchyma
and epidermis. The fluorescence of chlorophyll in (e) and (f) is less because of shorter exposure times.
The inner boundary of the seed coat is marked with ^-signs. 
The bar indicates 100 µm. ep, epidermis; ch, chlorenchyma; gp, ground parenchyma; bp branched
parenchyma; x, xylem; ph, phloem.
F igure  6 . Cryo-SEM micrograph showing seed
coat parenchyma cells (p) with intercellular
spaces filled with water (wfa). The similar mesh
of the white matrix in the ice indicates a
comparable  solute concentration in apoplast
and in cytosol. The bar represents 10 µm.
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Symplasmic transport of HPTS through the pea seed coat was followed
during 40 hours after application to the cut stem of the plant (fig. 7). HPTS-
Ac was properly introduced into the phloem and no staining was found in the
xylem of the funiculus. Within 3 hours HPTS arrived in the sieve elements
of the phloem of the chalazal vein. Subsequently, the dye was transported to
the ground parenchyma near the vascular bundle, and laterally distributed
through the rest of seed coat through the chlorenchyma and ground
parenchyma. Even 40 hours after application the fluorescent tracer was
restricted to these layers and did show up neither in the epidermis/hypodermis
nor in the branched parenchyma.
Fluorescent tracer experiments as described here for Pisum have been
done also with Phaseolus and Vicia and surprisingly, they all show different
transport pathways. In Phaseolus the phloem-imported solutes are distributed
over the entire seed coat by the intensely branched vascular web. As visualised
by fluorescent tracer experiments, no further symplasmic transport occurs after
transfer into the ground parenchyma (Patrick et al. 1995). Because the seed
coats of Pisum and Vicia have no vascular web, the distribution of phloem-
imported substances over the seed coat depends largely on  lateral transport
through the parenchyma tissue. Our data show that HPTS migrates through
the chlorenchyma and ground parenchyma of pea seed coats. In contrast, the
prevalent stream of phloem-imported solutes in Vicia is directed through the
chlorenchyma and thin walled parenchyma (Patrick et al. 1995). This latter
pattern is consistent with the findings of Tegeder et al. (1999) who used CFDA
to trace the symplast route in pea seed coats. From a short term experiment
(they only described the distribution in the seed coat 3 hours after CFDA
application to the pod) it was concluded that solutes were transported through
both chlorenchyma and innermost branched parenchyma and not through the
ground parenchyma. We did not find a similar pattern.  Possibly, the
discrepancy may be explained by the use of a different cultivar or the
procedure to apply the dye to the plant. 
S i t e  o f  u n l o a d i n g  
Notwithstanding the extensive research on assimilate transport across seed
coat membranes, no transporters nor even an exact location of unloading has
been defined yet. Wang et al. (1995) obtained qualified support for carrier
mediated efflux from seed coats of Phaseolus and Vicia, located in ground
parenchyma or thin walled parenchyma/transfer cells, respectively. They
observed that the partial inhibition of the efflux of preloaded 14C-sucrose from
Vicia seed coat halves by the sulfhydryl agent NEM was abolished when the
inner seed coat cell layers were removed by a brief pectinase treatment. A
similar treatment had no effect on the inhibition of efflux by Phaseolus seed
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coats. Removal of the inner cell layers also annihilated the stimulatory effect
of high potassium concentrations on sucrose efflux in Vicia seed coats but not
in Phaseolus seed coats. Furthermore, H+-ATPases were merely localised in
the ground parenchyma of Phaseolus and the thin walled parenchyma of Vicia
(Wang et al. 1995, Harrington et al. 1997), which conforms the idea that in
these species carrier mediated assimilate unloading in seed coats is proton
coupled (Fieuw and Patrick 1993, Walker et al. 1995). 
The only transporters detected, but not localised, in pea seed coats are
H+-symporters for sucrose and amino acids (Tegeder et al. 1999, Tegeder et
al. 2000, De Jong and Borstlap 2000). As the direction of transport by
symporters depends on the electrochemical gradient of both H+ and substrate,
it is generally assumed that symporters function primarily to accumulate their
substrate from the apoplast in the symplast. The function of these sucrose-
and amino acid H+-symporters in seed coats remains therefore elusive.
However, the putative site of unloading can be derived from indirect evidence.
It is likely that assimilate efflux takes place in the ground parenchyma and not
in the branched parenchyma. First, because symplasmic transport does not
extend to the branched parenchyma as indicated by the fluorescent tracer
experiments (fig. 7). Secondly, because the branched parenchyma gets damaged
during seed development and structures concerned with unloading will be
destroyed (fig 2-4). As a matter of fact, Tegeder et al. (1999) described very
small cell wall ingrowths ( ~ 0.5 µm) in the innermost part of the branched
parenchyma of seed coats of the pea cultivar Greenfeast but these invaginations
were not observed in seed coats of the cultivar described here (fig 4).
If unloading occurs in the ground parenchyma, then assimilates need to
be further transported towards the cotyledons by diffusion through the
apoplast. As Canny (1995) described, the apoplast can be divided into three
domains: the cell wall apoplast, the gas-filled intercellular space and the liquid-
filled intercellular space. In roots it has been demonstrated that the presence
of liquid-filled intracelluar spaces increased diffusion through the apoplast as
much as a hundred times  (Van der Weele et al. 1996). Similarly, it may be
expected that the presence of many liquid-filled intercellular spaces in the pea
seed coat will greatly enhance the diffusion of solutes from the ground
parenchyma to the cotyledons  (fig. 3-6). 
The solute concentration in the aqueous solution of the apoplast is similar
to that in the symplast as can be concluded from the mesh of the crystallisation
pattern (fig 6). This pattern is formed by the segregation of solutes during ice
crystal formation throughout the freezing process (Canny and Huang 1993)
and two adjacent compartments for which identical freezing speeds can be
expected, are considered to have equal solute concentrations if their
segregation patterns are similar. The observation is in line with the Supply
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follows Demand model (Van Dongen et al. 2001) which describes assimilate
unloading through poorly selective pores in the plasma membrane of pea seed
coat parenchyma cells. A decrease in assimilate concentration in the seed coat
apoplast, resulting from uptake of assimilates by the cotyledons, will be
nullified by diffusion from the seed coat symplast. Because of the passive nature
of this process, assimilates will not accumulate in the seed coat apoplast. Active
uptake by the cotyledons on the other hand does result in solute accumulation,
which results in the dense christallisation pattern in frozen cotyledonary
parenchyma cells (fig 4).
C o n c l u s i o n s
Summarising, the seed coat anatomy of pea resembles that of Vicia, but
there are no transfer cells. Solutes imported through the phloem are
symplasmically distributed through the chlorenchyma and ground parenchyma,
but not through the branched parenchyma. This is distinct to the transport
pathway in Vicia seed coats, in which solutes are not transported through the
ground parenchyma but through the chlorenchyma and branched parenchyma.
Assimilate unloading is thought to occur in the ground parenchyma of pea
seed coats and the extensive intercellular space filled with water will enable
efficient transport to the cotyledons.
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C h a p t e r  3
E lec t rod i ffus iona l  uptake  of
organ ic  ca t ions  by  pea  seed  coats .  
Fur ther  ev idence  for  poor ly  
se lec t ive  pores  in  the  p lasma 
membrane  of  seed  coat  
parenchyma ce l l s
with Ramon G.W. Laan, Madeleine Wouterlood 
and Adrianus C. Borstlap
Plant Physiology (2001) 126: 1688-1697 (except figure 5)
A b s t r a c t
In developing seeds, the permeability of the plasma membrane of seed coat parenchyma
cells is crucial for the supply of nutrients to the embryo. Here we report characteristics of the
transport of the organic cation choline and the basic amino acid L-histidine (cation at pH 5,
electroneutral at pH 7) into isolated seed coats of pea (Pisum sativum L.). Supplied at
submicromolar concentrations, choline+ accumulated in the seed coat tissue 5.1±0.8-fold,
histidine+ 2.4±0.3-fold, and histidine0 1.3±0.2-fold. Taking into consideration that at pH 5
histidine influxes as a cation but effluxes as a neutral molecule these accumulations are in
reasonable agreement with (electro)diffusional uptake at the prevailing membrane potential of
-55±3 mV. At a concentration of 100 mM, choline+ and histidine+, but not histidine0,
depolarized the membrane of the parenchyma cells and neither of the substrates was
accumulated. At this concentration the relative influx (the ratio of influx and external
concentration, a measure for membrane permeability) of choline and histidine was  ~10 mmol
g-1 FW min-1 M-1, similar to that found for neutral amino acids, sucrose, glucose and mannitol.
At lower concentrations the relative influx of choline+ and histidine+ increased because of
increasingly more negative membrane potentials, giving rise to apparent saturation kinetics. It
is suggested that transport of organic cations can proceed by a general, poorly selective pore in
the plasma membrane of seed coat parenchyma cells. This pore is thought to be responsible for
the unloading of a range of solutes that serve as nutrients for the embryo.
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I n t r o d u c t i o n
During the development of the pea seed, the embryo receives its nutrients
from the surrounding maternal seed coat. These nutrients arrive in the seed
coat mainly through the phloem of three vascular bundles and are then
distributed by cell-to-cell transport over the seed coat parenchyma (Grusak
and Minchin 1988, Patrick et al. 1995, Tegeder et al. 1999). Since embryo
and seed coat are symplasmically isolated from each other, the nutrients have
to be unloaded into the apoplast. This implies the transport of the nutrients
across the plasma membrane of the seed coat parenchyma cells. The
mechanism by which the various nutrients (sucrose, amino acids and inorganic
ions) are released from the parenchyma cells is still incompletely understood.
The release of sugars and amino acids from the pea seed coat is biphasic,
consisting of a fast and a slow component (De Jong and Wolswinkel 1995).
Most likely, the fast component represents the efflux across the plasma
membrane of seed coat parenchyma cells. The rate constant for the fast
component in the release of sucrose and amino acids amounts to ~1.4 h-1,
corresponding to a half-life time of ~0.5 h. For a spherical cell the permeability
coefficient (P) is related to the half-life time (t1/2) and the cell radius (r) by
P=ln2·r/3t1/2 (Lanfermeijer et al. 1990). Inasmuch as the diameter of
parenchyma cells in the pea seed coat ranges from 20 to 100 µm, the
permeability coefficient for sucrose and amino acids can be roughly estimated
to be in the order of 10-7 cm s-1. For sucrose, glucose, mannitol and several
neutral amino acids, membrane permeabilities have been estimated more
precisely in uptake experiments with 14C-labelled solutes (De Jong et al. 1996,
1997). Estimated permeability coefficients of all tested solutes turned out to
be in the range 3·10-7 to 9·10-7 cm s-1, which is at least 105-fold higher than
expected for diffusion through a lipid bilayer. In addition it has been found
that the efflux of endogenous sucrose and amino acids (De Jong and
Wolswinkel 1995) as well as the influx of exogenously supplied substrates could
be inhibited by p-chloromercuribenzene sulphonic acid (pCMBS). It has been
proposed therefore that the plasma membrane of seed coat parenchyma cells
contains non-selective, proteinaceous pores that facilitate the unloading of
sugars and amino acids (De Jong et al. 1996, 1997).
In order to probe the permeability of the plasma membrane of seed coat
parenchyma cells for molecules bearing a positive electrical charge we
investigated the uptake of the small organic cation choline and the basic amino
acid L-histidine by pea seed coat tissue. Since the pKa value of the imidazole
group of histidine is 6.0, the abundance of the cationic form (histidine+)
decreases from 91% at pH 5 to 9% at pH 7, whereas the abundance of the
electroneutral zwitterionic form (histidine0) increases from 9% to 91% (Segel
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1968). Thus, using histidine as a substrate the transport of a molecule in its
electroneutral or cationic form can be studied in the pH range 5 to 7. We
assessed the extent to which choline and histidine can be accumulated in the
seed coat tissue, measured their influxes over a wide concentration range and
studied their effect on the membrane potential. The results indicate that the
cations choline+ and histidine+ are taken up by electrodiffusion through a
general, poorly selective pore. The implication of these pores  for the
regulation of assimilate release by seed coats will be discussed.
M a t e r i a l s  a n d  m e t h o d s
P l a n t  m a t e r i a l
Pea plants (Pisum sativum L. cv Marzia; Nunhems Zaden BV, Haelen,
The Netherlands) were grown according to De Jong and Wolswinkel (1995),
except that no flowers were removed during development. At the end of the
seed filling stage, when embryos had a relative water content of about 60%,
seeds were removed from the pod and seed coat halves were isolated according
to De Jong et al. (1996).
U p t a k e  e x p e r i m e n t s
Uptake experiments were carried out as described by De Jong et al.
(1996). Ten isolated seed coat halves were incubated in 5 ml of incubation
medium (0.5 mM CaCl2, 2 mM 2-[N-morpholino]-ethanesulfonic acid (MES)
adjusted to pH5.5 (unless stated otherwise) with KOH and as much mannitol
as needed to give all incubation media an overall solute concentration of 400
mM) supplied with unlabelled substrate at the concentrations indicated,
together with  ~370 Bq ml-1 14C-labelled substrate. Specific activities were as
follows: L-histidine, 12.1 GBq mmol-1; choline, 2.0 GBq mmol-1; L-lysine,
11.2 GBq mmol-1; L-valine, 10.5 GBq mmol-1. Carbonylcyanide m-
chlorophenylhydrazone (CCCP) was used at a concentration of 10 µM. In
experiments with p-chloromercuribenzene sulphonic acid (pCMBS) seed coat
halves were preincubated for 15 minutes in the presence of 2.5 mM pCMBS
and subsequently transferred to incubation medium containing the labeled
substrate and 2.5 mM pCMBS. Incubation of the seed coats took place in a
reciprocating water bath at 25°C. 
Uptake was terminated by decanting the incubation solution followed by
rinsing the seed coats three times with demineralised water and carefully
blotting  the seed coats with a soft tissue to remove adhering water. This took
about one minute.  Radioactivity taken up by the seed coat halves was
determined by scintillation counting after destruction of the tissue in 1 ml of
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a 1:1 mixture of 50% (v/v) H2O2 and 30% (v/v) HClO4. Initial influxes were
calculated from the uptake between 5 and 20 min of incubation and expressed
on a fresh weight basis. 
Substrate concentrations in the seed coat parenchyma cells were estimated
by assuming that the water content of a seed coat is 80% (Lanfermeijer et al.
1992). Curve fitting was carried out using SigmaPlot- 4.0 (Jandel Scientific).
Reciprocals of the variance were used as weighting factors.
E l e c t r o p h y s i o l o g y  a n d  i o n t o p h o r e s i s
Membrane potentials of seed coat parenchyma cells were recorded in
various bathing solutions using a gravity driven perfusion system (Blatt 1991).
Perfusate was drained from the perfusion chamber into a waste beaker via a
cotton thread. The perfusion chamber was placed under a binocular (Zeiss
SV8; Oberkochen, Germany). A tangential slice of 2 to 3 mm thickness was
cut from the lateral side of a seed of which the embryo had a relative water
content of about 60%. This slice was fixed to the bottom of the perfusion
chamber with a little droplet of Secure Adhesive (Factor II Inc. B-400;
Lakeside, USA).  After perfusing  the incubation medium for 0.5 h, the
remaining slice of the cotyledon was removed from the seed coat. 
Glass microelectrodes were made from borosilicate capillaries with an
inner filament (Clark Electromedical Instruments GC100TF-10, Reading, UK)
using a vertical electrode puller (Sutter P-30, Novato, USA). Electrodes were
backfilled with 1 M KCl and clamped in a microelectrode holder-Ag/AgCl-
halfcell (WPI MEH1SF, Sarasota, USA). Only electrodes with a resistance of
about 20 MΩ were used. The electrode was connected to a high input
impedance amplifier (Keithley 610C, Cleveland, USA, or a WPI Intra 767
electrometer, Sarasota, USA). The output was continuously recorded with a
chart recorder (B10 8 multi-range; Kipp & Zonen, Delft, The Netherlands).
A reference electrode (WPI DRIREF-2, Sarasota, USA) was placed in the
medium at the inlet side of the perfusion chamber. The measurement electrode
was impaled into a seed coat parenchyma cell with a micromanipulator
(Narishige MMO-204, Tokyo, Japan). Perfusion solutions were changed when
stable membrane potentials were recorded. 
Dye injection was used to check whether the measured electrical
potentials were real transmembrane potential differences. Iontophoretic
injections were performed under an epifluorescence microscope (Olympus
BH2-RFL equipped with a dichroic mirror (U(DM400+L240)), an excitation
filter combination (IF49 + EY455) and a barrier filter (Y495), Olympus
Optical Co., Europa, Hamburg, Germany) with hand-cut tangential slices of
pea seed coat tissue in incubation medium. The tip of a glass electrode was
backfilled with about 5 nl of 1% (w/v) Lucifer Yellow CH, potassium salt
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(Molecular Probes Inc., Eugene, OR, USA). The rest of the electrode was
filled with 3M KCl. The electrical resistance of the electrodes used was
between 30 and 50 MΩ.  The electrode was impaled in a seed coat parenchyma
cell and after recording a stable potential, Lucifer Yellow CH was ejected
using a Dagan 2400 extra cellular preamplifier current pump system (Dagan
Corp., Minneapolis, USA). The intermittent current pulse of -15 nA lasted
no more than 10 seconds.
R e s u l t s
T i m e - c o u r s e  o f  u p t a k e  a n d  a c c u m u l a t i o n  o f  c h o l i n e  
a n d  L - h i s t i d i n e
The uptake of choline and L-histidine by the isolated seed coat halves
was determined at a submicromolar concentration and at 100 mM. Histidine
uptake was determined using incubation medium of either pH 5 or pH 7. Fig. 1
shows the time-course of uptake of both substrates during 6h of incubation. 
The time dependent uptake U(t) of a solute by plant tissue may be
described by 
(1)
where Ueq is the uptake at equilibrium, k is a rate constant,  and U fs represents
the uptake in the free space. If, per unit of time, a fraction f of the intracellular
substrate is converted into molecular species that cannot leave the cell, Eqn
(1) has to be transformed into
(2)
Eqn (2) was fitted to the data shown in Fig. 1 and the resulting parameter
values are given in Table I. 
Assuming that pea seed coats contain 80% water, substrate concentrations
in the tissue at equilibrium ([S]in) were computed from Ueq, so that an estimate
could be made of the extent to which the substrate was accumulated. As can
be seen in Table I, choline and histidine were not accumulated by seed coat
tissue when present at a concentration of 100 mM in the incubation medium.
When the substrate was administered at a submicromolar concentration to the
incubation medium, choline accumulated about 5-fold and histidine+ about
2-fold, whereas histidine0 was not significantly accumulated in the seed coat
tissue.
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C o n c e n t r a t i o n  d e p e n d e n c e  o f  i n i t i a l  i n f l u x
The uptake of choline and histidine was investigated over a wide
concentration range, from less than 1 µM to 100 or 200 mM. Initial influxes
(v) were determined from the uptake between 5 and 20 min, which was
essentially linear with time (Fig. 1). The ratio of initial influx and external
substrate concentration is defined here as the relative influx, v/[S].
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F i g u re  1 . Time-course of the uptake of choline and L-histidine by pea seed coats. Uptake was
measured when the substrate was supplied at a submicromolar concentration (A, B, C) or at a
concentration of 100 mM (D, E, F). Histidine uptake was measured at pH 5, where  ~ 90% of the amino
acid is present as the monovalent cation (B, E) and at pH 7 where  ~ 90% of histidine is present as
the electroneutral zwitterion (C, F). Curves were drawn using the parameter values obtained by fitting
Eqn (2) to the uptake data (Table I).
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Concentration dependencies of choline and histidine influx were analyzed by
fitting the equation
(3)
which describes the relative influx (y) as a function of the logarithm of the
external substrate concentration (x), and where a+c is the maximum relative
influx when the substrate concentration approaches zero, x0 equals log[S] at
the inflexion point of the sigmoid part of the curve, and c is the relative influx
at an infinitely high substrate concentration. Parameter values resulting from
fits of Eqn (3) are given in Table II. Omitting the constant c in Eqn (3) resulted
in poor fits (not shown).
Fig. 2A shows the sigmoid relationship between the relative influx of
choline and the logarithm of the external concentration. The relative influx
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Ta b l e  I . Parameters describing the time-course of uptake of choline and L-histidine by seed coat
halves.
The equation  was fitted to the uptake data shown in Fig. 1. The parameter Ueq represents the amount
of substrate in the seed coat tissue at equilibrium and f is the fraction of intracellular substrate
assumed to be converted per unit of time into immobile molecular species.  The concentration of
substrate in the tissue, [S] in , was calculated from Ueq assuming that pea seed coats contain 80% of
tissue water.
external Ueq k f U fs accumulation
concentration, ratio,
[S ]out pmol g
-1FW h -1 pmol g -1FW [S ]in /[S ]out
choline 228 nM 940±150 2.1±0.6 0.10±0.06 246±35 5.1±0.8
L-histidine+, pH 5 21 nM 40±5 1.1±0.2 0.02±0.04 6.4±0.7 2.4±0.3
L-histidine0, pH 7 27 nM 28±5 1.4±0.3 0.20±0.07 3.1±0.4 1.3±0.2
µmol g -1FW µmol g -1FW
choline 100 mM 44±2 1.9±0.2 0.04±0.01 13.3±1.2 0.55±0.02 
L-histidine+, pH 5 100 mM 57±3 1.5±0.1 0.05±0.01 8.3±0.4 0.71±0.04
L-histidine0, pH 7 100 mM 72±7 1.1±0.2 0.03±0.04 6.4±0.6 0.90±0.09
Table  I I . Parameters describing the concentration dependence of the influx of choline and L-histidine
into pea seed coat tissue. The equation  was fitted to data of the concentration dependency of the
influx shown in Fig. 2.
a x 0 c
µmol g -1 FW min -1 M -1 log M µmol g -1 FW min -1 M -1
choline 67.0±5.4 -2.67±0.14 9.6±0.1
L-histidine, pH 5 11.4±1.0 -1.77±0.15 10.1±0.7
L-histidine, pH 7 2.3±0.2 -2.37±0.53 10.2±0.03
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was highest at low concentrations, amounting to  ~75 µmol g-1 FW min-1 M-1,
and decreased with increasing substrate concentrations until it attained a value of
about 10 µmol g-1 FW min-1 M-1 at concentrations above 100 mM.  Increasing
concentrations of KCl had a similar effect on choline influx as increasing
concentrations of unlabeled choline (Fig. 2B). 
At low concentrations the relative influx of histidine+ amounted to  ~20
µmol g-1 FW min-1 M-1, which is about 4-fold less than that of choline (Fig.
2C). But at high concentrations the relative influxes of histidine+ and choline
were essentially the same. Interestingly, the relative influx of histidine0
decreased only slightly with increasing substrate concentrations, from 12.5 to
10 µmol g-1 FW min-1 M-1. Hence, the influx of histidine at low concentrations
decreased when the pH of the incubation medium was raised from 5 to 7. By
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Fi g u re  2 . Concentration dependence of the
relative influx, v/[S], of choline and L-
histidine. The osmolarity of the incubation
medium was adjusted to 400 mM by adding
different amounts of mannitol. Data points
represent mean values ±SE from 3 to 30
measurements. The curves drawn were
calculated from the parameters in Table II.  (A)
Choline in incubation medium, pH5.5.  (B)
Effect of increasing concentrations of KCl on
the relative influx of choline supplied at a
concentration of 202 nM. (C) L-histidine in
incubation medium with pH5 (J) or pH7 (B). 
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contrast, the influxes of choline and the neutral amino acid L-valine were
essentially constant in this pH range (Fig. 3).
E f f e c t  o f  C C C P  a n d  p C M B S
Previous work has shown that efflux of endogenous sugars and amino
acids from pea seed coats, as well as the influx of exogenously supplied
substrates was not influenced by CCCP,  whereas it could be partially inhibited
by pCMBS (De Jong and Wolswinkel 1995; De Jong et al. 1996, 1997). This
is also true for the influx of choline and histidine. Addition of 10 µM CCCP
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F i g u re  3 . Influence of the pH of the incubation
medium on the relative influxes of L-valine, choline,
and L-histidine.  The substrate concentrations in the
medium were: L-valine, 90 nM; choline, 200 nM; L-
histidine, 40 nM. Each bar represents the mean value
±SE of at least 3 measurements. For each solute, bars
with different letters were significantly different by
the Tamhane’s T2 test (P = 0.05) following ANOVA.
100
80
60
40
20
0
v/
[S
]
(µ
m
o
l g
-1
 F
W
 m
in
-1
 M
-1
)
L-valine choline L-histidine
5 6 7 5 6 7 5 6 7
a a a
a
a
a
a ab
b
F igure  4 . Effect of (A) CCCP and (B) pCMBS on the relative influxes (white bars) as a percentage of
the relative uptake rates measured without CCCP or pCMBS in the medium (black bars). The substrates
were supplied to the incubation medium at a submicromolar concentration and at 100 mM. Seed coat
halves were preincubated for 15 min in incubation medium with 2.5 mM pCMBS, and then transferred
to medium containing both substrate and pCMBS. Each bar represents the mean value ±SE of at least
3 measurements. The asterisks indicate a significant decrease of the relative influx as compared to
the control (without CCCP or pCMBS) at a 95% confidence interval as tested by the Student’s t-test.
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had  neither an effect on the uptake of choline+ nor on the uptake of neutral
and cationic histidine  (Fig. 4A). The sulfhydryl reagent pCMBS supplied at
a concentration of 2.5 mM inhibited the influxes of valine, histidine0,
histidine+, lysine+ and choline+ when the substrates were supplied at
concentrations less than 1 µM. At high substrate concentrations (100 mM)
pCMBS still inhibited the uptake of electrically neutral solutes, including
histidine0, but had no effect on the influx of the organic cations choline+,
histidine+ and lysine+ (Fig. 4B). The membrane potential of seed coat
parenchyma cells was not affected by the presence of 2.5 mM pCMBS in the
incubation solution (not shown).
E f f e c t  o f  c h o l i n e ,  h i s t i d i n e  a n d  K C l  o n  t h e  
m e m b r a n e  p o t e n t i a l  o f  s e e d  c o a t  p a r e n c h y m a  c e l l s
From 13 impalements of seed coat parenchyma cells an average membrane
potential of -55±3 mV was determined. In some experiments dye injection
by iontophoresis was used to ascertain the proper impalement of a seed coat
parenchyma cell (Fig. 5).
Alterations in the membrane potential at increasing concentrations of
choline and histidine in the bathing solution were recorded using a perfusion
system. Addition of choline+ (Fig. 6A), potassium chloride (Fig. 6B) or
histidine+ (Fig. 6C) at concentrations above 1 mM, depolarized the membrane.
However, when using the pH 7-medium, histidine at a concentration as high
as 100 mM did not result in depolarization (Fig. 6D,E). Changing the pH of
the bathing solution from 7 to 5 had no appreciable effect on the membrane
potential (Fig. 6E).
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F igure  5 .  (a) Labeling of a seed coat parenchyma cell (*) with Lucifer Yellow.  (b) The brightfield
micrograph shows the cross section of part of the seed coat, which consists of an outer layer of
sclerenchyma cells (scler) and an inner layer of parenchyma cells (par.). (c) After impalement (t1) of a
parenchyma cell a membrane potential of about  -55 mV was recorded. Potential measurements were
not recorded during iontophoresis (t2), but were resumed afterwards to follow recovery of the
membrane potential. The bar in figures a and b represents 10 µm.
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F i g u re  6 .  Effects of various concentrations of choline, potassium chloride and L-histidine in the
bathing solution on the membrane potential of seed coat parenchyma cells. A slice of seed coat tissue
was mounted in a chamber through which various solutions were perfused. (A) Perfusion of incubation
medium, pH5.5, supplied with various concentrations of choline as indicated. (B) Perfusion of
incubation medium, pH5.5, supplied with various concentrations of KCl. (C) Perfusion of incubation
medium, pH 5, with various concentrations of L-histidine as indicated.  (D) Perfusion of incubation
medium, pH7, supplied with various concentrations of L-histidine. (E) Perfusion of incubation medium,
pH7, or incubation medium, pH 5, with or without 100 mM L-histidine. All traces shown are from a
single, representative experiment and the data points in figure A and B present the mean values ±
SE of at least five determinations.
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D i s c u s s i o n
U p t a k e  m e c h a n i s m
Analysis of uptake-time curves allowed the estimation of substrate
concentrations in pea seed coat tissue at equilibrium. When supplied at a high
concentration (100 mM) to the incubation medium the equilibrium
concentrations of choline, cationic histidine, and neutral histidine in the seed
coat were determined at 44, 57, and 72 mM, respectively (Table I). Similar
uptakes were measured for the neutral solutes sucrose, mannitol, glucose and
L-valine (De Jong et al. 1996, 1997). All solutes tested attained, on average, a
concentration of  ~60 mM in the seed coat tissue when their concentration
in the outer solution was 100 mM. This may indicate that the seed coat
symplast is only partially accessible to exogenously supplied substrates. From
the observation that the organic cations choline+ and histidine+, when supplied
at high concentrations, attained approximately the same internal
concentrations as neutral solutes it may be concluded that the membrane
potential was zero. This is in line with the electrophysiological experiments
showing membrane depolarization at high concentrations of choline+ or
histidine+ (Fig. 6). 
When choline was supplied at a submicromolar concentration its
concentration in the seed coat tissue at equilibrium was calculated to be
5.1±0.8-fold higher than the external concentration (Table I). This
accumulation is expected at a membrane potential of -41±0.4 mV, which
agrees reasonably with the measured membrane potential of -55±3 mV. 
The lower accumulation of histidine (2.4-fold) can be understood
considering the difference in external and internal pH. At an external pH 5,
histidine will be taken up in its cationic form that, on arrival in the symplast
(pH~7), will be converted into the electroneutral zwitterion. As a consequence
the membrane potential will affect the influx, but not the efflux of histidine.
Several models have been proposed that describe the relation between
ion flux and membrane potential (Smith 1973). According to the Goldman
model  (Goldman 1943, Nobel 1991, Sha et al. 1996) the rate constants for
influx and efflux of a monovalent cation are given by
(4)
(5)
in which u=EmF/RT (where Em is the membrane potential and F, R and T
have their usual meaning), and k0 is the rate constant for transport of the cation
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at zero membrane potential. Alternatively, the Kimizuka-Koketsu equation
(Kimizuka-Koketsu 1964, Sanders et al. 1984, Borst-Pauwels 1993) has been
used. This model predicts fluxes of monovalent cations to depend on the
membrane potential according to
(6)
(7)
For both models, the ratio of the internal and the external concentration
of the ion at equilibrium is given by
(8)
which is equivalent to the Nernst equation. However, for histidine at an
external pH 5, the accumulation ratio at equilibrium should be written as
(9)
which is equal to eu/2 in the Kimizuka-Koketsu model and to u/(eu-1) in the
Goldman model.  At the prevailing membrane potential of -55 mV, the
predicted accumulation ratios for histidine are then 2.9 and 2.4, respectively,
which compares favorably with the experimental value of 2.4±0.3 (Table I).
The extent to which choline+ and histidine+ were accumulated in seed
coat tissue therefore seems to be determined solely by the membrane potential.
No indications were found that their transport is energized by ATP-hydrolysis
or by ion gradients. Apparently these substrates are transported across the cell
membrane of seed coat parenchyma cells by a uniport mechanism.
I n f l u x  k i n e t i c s
The relative influx, v/[S], is a measure of the membrane permeability. If
the specific plasma membrane area for the tissue is known, v/[S] can be
recalculated into a permeability coefficient. The relative influx of choline+
and histidine+ decreased with increasing substrate concentrations, approaching
a limiting value at  ~100 mM (Fig. 2; Table II). 
The concentration dependence of the influx conformed to Eqn (3). It
may be noted that the sigmoid part of Eqn (3) is nothing else than the
Michaelis-Menten equation in disguise. Two interpretations may apply.  The
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substrates may be taken up by two independent transport routes, one showing
saturation kinetics, the other a linear kinetic. Alternatively, the cations may
be taken up by an electrodiffusional mechanism. Thus the constant c in Eqn
(3) may represent the permeability of the cell membrane for the cation (at
zero membrane potential), which is approached at high external substrate
concentrations. The increase in relative influx at lower substrate
concentrations may then result from an increasingly more negative membrane
potential. This interpretation accounts for the observed accumulation of
choline and histidine (Fig. 1) as well as for the depolarizing effect of high
concentrations of choline and histidine+ (Fig. 6). In addition it offers a simple
explanation for the inhibiting effect of increasing K+ concentrations on the
influx of choline+ (Fig. 2B).
The 2.4-fold increase in the relative influx of histidine+ when the
membrane hyperpolarized from zero to -55 mV is also in agreement with an
electrodiffusional  uptake mechanism, since  Eqn (4) and (6) predict an increase
of 2.4-fold and 2.9-fold, respectively. By contrast the relative influx of choline+
increased about 7-fold (Table II), and that for lysine+ 5.7-fold (De Jong et al.
1997).  We cannot offer a ready explanation for the different behavior of the
three cations.  It should be kept in mind that, though seemingly simple, the
flow of ions through a membrane pore is a very complex phenomenon
(Zambrowicz and Colombini 1993).
Theoretically, the apparent saturation kinetics of non-mediated, passive
permeation of cations is well documented (Smith 1973, Borst-Pauwels 1993),
but it has received little attention from experimental workers. Kochian and
Lucas (1982), for example, found the concentration dependence of K+ influx
into maize roots to conform to a Michaelis-Menten term and a linear term,
but did not discuss the effect of the increasing potassium concentration on the
membrane potential.
A  g e n e r a l ,  p o o r l y  s e l e c t i v e  p o r e
An important result of the present work is that the plasma membrane of
seed coat parenchyma cells has approximately the same permeabilities for small
organic cations as for neutral organic solutes. At zero membrane potential the
‘permeabilities’ (expressed in µmol g-1 FW min-1 M-1) for choline+, histidine+,
and histidine0 were 9.6, 10.1 and 10.2, respectively (Table II), as compared
with ‘permeabilities’ for sucrose (6.3), glucose (4.8), mannitol (5.1) and several
neutral amino acids (8.7 to 15.3) determined in previous studies (De Jong et
al. 1996, 1997). These results favor the hypothesis that the organic cations
share the same transport route as the neutral solutes. This is supported by the
observation that, like for neutral solutes, the influx of choline+ and histidine+
was not affected by the protonophore CCCP, whereas the organic mercurial
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pCMBS inhibited the influx partially, at least when the cationic substrates
were supplied at concentrations (1 µM. This inhibition cannot be attributed
to membrane depolarization because pCMBS did not alter the membrane
potential (data not shown). The uptake of the cations added at 100 mM was
not affected by pCMBS, possibly because the binding between the SH-reagent
and the protein is prevented at high ionic strength.
The finding that the plasma membrane of seed coat parenchyma cells has
similar permeabilities for sugars, amino acids, and organic cations supports our
hypothesis that seed coat unloading is accomplished by poorly selective pores
in the plasma membrane. Extrapolation of  the membrane permeability as
calculated from uptake experiments to the in vivo unloading process is
reasonable since the accumulation of the organic cations accords with the
Nernst equation and its derivatives (Table I, Eqn. (8) and (9)).  The pathway
enabling solutes to cross the seed coat parenchyma membrane can therefore
be taken as bi-directional symmetric with the electrochemical gradient as the
single determining factor for the direction of transport. 
The interesting possibility comes up that even inorganic ions may be
released from seed coat parenchyma cells through these pores. Potassium, the
predominant cation in seed coats, is present in similar quantities as sucrose,
the predominant organic solute. Significantly, K+ and sucrose are released from
legume seed coats at comparable rates (Wolswinkel et al. 1992, Walker et al.
1995, 2000). Outward rectifying K+ channels have been identified in seed coat
parenchyma cells of Vicia faba, but it was concluded that their conductances
were insufficient to explain the observed K+ effluxes (Zhang et al. 1997).
Poorly selective pores may therefore constitute an additional route for efflux
of K+ ions. Because the membrane of seed coat parenchyma cells depolarized
at high salt concentrations (Fig. 6), these pores should have some degree of
preference for cations over anions, and may be responsible, at least partially,
for the moderate negative membrane potential (K+ diffusion potential) of seed
coat parenchyma cells. Although an H+-ATPase (proton pump) is present in
the plasma membrane of seed coat parenchyma cells (Harrington et al. 1997,
De Jong and Borstlap 2000) its contribution to the membrane potential is
probably limited (Walker et al. 1995). 
R e g u l a t i o n  o f  a s s i m i l a t e  e f f l u x
Patrick developed the “Turgor Homeostat” model (Fig. 7A) for the
regulation of assimilate efflux from the seed coat (Patrick 1994, reviewed by
Patrick and Offler 1995). Uptake of assimilates by the embryo in situ will
result in an immediate decrease in the osmolarity of the apoplastic solution.
As a consequence, the seed coat parenchyma cells will take up water from the
apoplast and cell turgor will increase. According to the “Turgor Homeostat”
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F igure  7 . Models for the regulation of the efflux of assimilates from seed coat parenchyma cells of
legume seeds. Assimilates (S) arrive in the seed coat by way of sieve tubes in the vascular strands,
and are finally taken up by the embryo. Uptake of the main assimilates (sucrose and amino acids) by
cotyledonary cells, in particular the transfer cells constituting the epidermis, is envisaged to occur by
proton symporters, though it may be effected partly by a transport pathway with a linear kinetic
(Lanfermeijer et al. 1990, 1991). The models apply to the seed filling stage, where the fluid endosperm
has disappeared, and sucrose released from the seed coat cells is not hydrolyzed by cell wall invertase
(Weber et al. 1997). (A) The Turgor Homeostat model (Patrick 1994, 1997, Patrick and Offler 1995). A
decrease in the solute concentration in the apoplast will lead to an increase in cell turgor (Ψp), which
in turn increases the activity of a transporter (t) responsible for the efflux of assimilates. Thus the
efflux of assimilates is thought to be indirectly controlled by the total concentration of solutes in
the apoplast via a hypothetical turgor homeostat operating in the seed coat parenchyma cells. Turgor
could affect the activity of the transporter directly or by a signaling cascade. (B) The Supply follows
Demand model. The efflux of assimilates from seed coat parenchyma cells occurs through poorly
selective pores (p) in the plasma membrane. Transport of substrates through these pores has a
diffusional kinetic. For any substrate the net efflux will be proportional to the concentration gradient
across the plasma membrane of the seed coat parenchyma cells. In the quasi steady state, the net
efflux of assimilates from the seed coat parenchyma cells will be equal to their net influx into the
cotyledonary cells. A decrease in substrate concentration in the apoplast will enhance its net efflux
from the seed coat parenchyma cells as dictated by the law of mass action. Hence the supply (net
efflux) of any nutrient by the seed coat parenchyma cells will be determined by the demand (net
influx) of the cotyledonary cells.
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seed coat apoplast cotyledon
H2OΨp
[S][S] [S]
H+t
t
+
+
S
A
[S][S] [S]
p
H+
seed coat apoplast cotyledon
S
B
03.01-128.proefschrift  06-11-2001  13:25  Pagina 50
model, an increase in turgor that exceeds a certain set point value will emit
an “error signal” resulting in an increase of assimilate efflux.
If nutrients are released from seed coat parenchyma cells by poorly
selective pores, their uptake from the apoplast by the embryo will
spontaneously result in an increased efflux from the seed coat. The net efflux
of any nutrient will then be simply “controlled” by the rate at which it is
subsequently taken up by the embryo. Hence, a “Supply follows Demand”
model would apply for the regulation of assimilate efflux from the seed coat
(Fig. 7B). The two models need not be exclusive, as it could be envisaged
that the poorly selective pores are responsive to cell turgor. In this respect it
is noteworthy that an increase in cell turgor enhances the sucrose efflux as
well as the efflux of K+ ions from seed coats (Walker et al. 1995, Wolswinkel
et al. 1992), suggesting that these solutes are released from seed coat
parenchyma cells by the same, turgor-responsive pore.
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C h a p t e r  4
Members  of  the  Major  In t r ins i c
Prote in  (MIP )  fami ly,  expressed
in  the  deve lop ing  pea  seed  coat ,  
inc lude  representat ives  of  the  
P IP,  T IP,  and  N IP  subfami l ies
with Jolanda A.M.J. Schuurmans, Alex Boonman, Corné M.J. Pieterse 
and Adrianus C. Borstlap
A b s t r a c t
Plant members of the Major Intrinsic Protein (MIP) family, or aquaporin family, can be
divided into three subfamilies: the plasma membrane intrinsic proteins (PIPs), the tonoplast
intrinsic proteins (TIPs), and the Nodulin 26-like MIPs (NLMs or NIPs). From a cDNA library
from developing seed coats of pea (Pisum sativum L.) four full length cDNAs were cloned and
sequenced: PsPIP1-1, PsPIP2-1, PsγTIP-1, and PsNIP-1. The cDNA of PsPIP1-1 appeared
to be identical to that of clone 7a / TRG-31, turgor-responsive gene cloned previously from
pea roots (Guerrero et al. 1990, Guerrero and Crossland 1993). PsPIP1-1, PsPIP2-1 and
PsγTIP-1 were also expressed in stems, roots, leaves, flowers, pod walls, and cotyledons, but
transcripts of PsNIP-1 were only detected in seed coats. In seeds the expression of the four
MIP genes is under developmental control and remarkably different in seed coat and embryo.
In mature, dry seeds transcripts of PsPIP1-1 were abundantly present, but those of the other
three MIP genes could not be detected. The deduced amino acid sequences of the four MIPs
were compared with those of human AQP1, a typical aquaporin, and GlpF, the glycerol
facilitator of Escherichia coli, for which atomic models are available. A range of conserved
amino acid residues can be related to the typical structure of MIPs. In addition, residues that
line the pore constriction in AQP1 are highly conserved in the four MIPs, particularly in
PsPIP1-1 and PsPIP2-1.  Some residues in PsNIP-1 are typical of glycerol permeating MIPs.
These include a tryptophan residue corresponding with Trp48 in GlpF that borders its selectivity
filter. It is suggested that in the coat of developing seeds MIPs are involved in transcellular
water fluxes that result from the release of phloem water.
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I n t r o d u c t i o n
The phloem is the food conducting tissue of vascular plants. Its sieve
elements constitute a symplasmic route by which organic nutrients (mainly
sucrose and amino acids) along with inorganic nutrients (mainly K+) are
translocated hydraulically from source to sink (Münch 1930). Nutrients
arriving in the sink are transferred, via plasmodesmata, from the sieve elements
to adjacent parenchyma cells (phloem unloading). Because endosperm and
embryonic tissues in seeds are symplasmically isolated from the maternal seed
coat, the nutrients have to be released from seed coat parenchyma cells into
the apoplast (seed coat unloading). Experiments with the symplasmic tracer
pyranine point to the ground parenchyma as the probable site of seed coat
unloading in developing pea seeds (chapter 2). 
Seeds are particularly strong sinks because after the growth phase there is
a massive deposition of storage compounds such as starch, oil and protein in
their tissues (seed filling). In pea, the seed reserves are mainly stored in the
cotyledons. At the onset of seed filling the cotyledons have grown to their
final size and occupy the space enclosed by the seed coat almost entirely. The
liquid endosperm has then disappeared, so that solutes released from the seed
coat parenchyma into the seed apoplasm can be directly taken up by cotyledon
cells. H+-symporters in the outer cell layers of the cotyledons are thought to
be responsible for active uptake of sucrose and amino acids (Patrick and Offler
2001). But the molecular basis for the efflux of solutes from the seed coat
parenchyma cells is unknown. It has been suggested that in seed coats of
common bean (Phaseolus vulgaris) and broad bean (Vicia faba) sucrose is
released by an H+-antiport mechanism (Patrick and Offler 2001), whereas
work in our group on pea has provided evidence for poorly selective pores
in the plasma membrane of seed coat parenchyma cells that allow the passage
of sugars, amino acids and possibly also inorganic ions (De Jong et al. 1996,
1997, Van Dongen et al. 2001). 
Water from the xylem sap stream does not enter into developing legume
seeds (Offler and Patrick; 1984, Pate et al. 1985). Apparently, water is supplied
exclusively by the phloem, which agrees with the perception that water
relations of developing seeds are largely independent of those in the rest of
the plant (Bradford 1994, Shackel and Turner 2000). The dry matter content
of phloem saps, including that of pea (Lewis and Pate 1973), is approximately
20% (w/v). Since photosynthetic CO2 assimilation in tissues of developing
legume seeds is probably much less than respiratory CO2 production, the
amount of dry matter accumulating in the developing seed depends fully on
what is imported by the phloem. The dry matter content of seeds increases
steadily during their development. In pea it amounts to  ~20% before the
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filling stage and increases to  ~45% at the end of the filling stage, but well
before the final desiccation of the ripe seed. As these dry matter gains occur
in the absence of any significant changes in water content (Patrick 1981), the
phloem sap stream supplies water during the filling stage in excessive amounts,
which is probably cycled back into the xylem.
Seed coat unloading implies the transport of a range of nutrients as well
as of phloem water (Münch water) across the cell membranes of seed coat
parenchyma cells. It can be anticipated that aquaporins will be involved in the
transmembrane transport of water. Aquaporins belong to the family of major
intrinsic proteins (MIPs), an ancient family with members in virtually all
kingdoms. Based on sequence homology, members of the MIP-family in
higher plants fall into three major subgroups: the plasma membrane intrinsic
proteins (PIPs), the tonoplast intrinsic proteins (TIPs), and the Nodulin 26-
like MIPs (NLMs or NIPs). The PIP subfamily can be further divided into
the highly homologous, yet clearly distinct subgroups PIP1 and PIP2
(Kammerloher et al. 1994, Schäffner 1998). The TIP subfamily consists of the
subgroups of (α-, γ-, and δ-TIPs. Different vacuolar compartments in the plant
cell may have different complements of TIP-subtypes (Jauh et al. 1999).
Several plant MIPs have been found to be abundant intrinsic proteins of
particular membranes (Karlsson et al. 2000, and references therein).
Functionally, MIPs fall into two main categories: aquaporins and glycerol
facilitators (Heymann and Engel 1999). Atomic models of prototypes of each
category, AQP1 and GlpF, are now available and have greatly elucidated the
selectivity of these transporters (Murata et al. 2000, Fu et al. 2000, Ren et al.
2001). To some extent the glycerol transporting MIPs, including GlpF, also
allow the passage of water (Borgnia and Agre 2001, Froger et al. 2001), hence
their designation as aquaglyceroporins. Some MIP-members transport larger
molecules or ions. AQP9 from rat liver allows the passage of water and a
variety of neutral molecules including carbamides, polyols, purines and
pyrimidines (Tsukaguchi et al. 1998), whereas rat AQP6, an endomembrane
aquaporin in renal epithelia, transports chloride ions below pH 5.5 (Yasui et
al. 1999).  
Seed coat parenchyma cells are committed to release a range of solutes
that serve as nutrients for the developing seed tissues and as raw materials for
the synthesis of storage compounds. Münch’s mass flow concept of phloem
transport dictates that this solute release must be intimately connected with
the release of water. The question may be raised whether MIPs are involved
in the flux of water and solutes across the membrane of seed coat parenchyma
cells. Here we report the cloning and sequencing of four MIP genes from a
cDNA library of developing pea seed coats. The four MIP genes expressed in
the seed coat turned out to encode members of the PIP1-, PIP2-, γTIP-, and
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NIP-subgroup, respectively. Sequence alignments with AQP1 and GlpF
revealed that a range of conserved amino acid residues could be related to the
typical backbone structure of MIPs. It also showed that amino acid residues
that line the pore constriction in AQP1 are highly conserved in the four MIPs,
particularly in the PIP1- and PIP2-members, and that some residues of the
NIP-member are typical of glycerol-permeating MIPs. We also assessed the
expression of the four genes in various plant parts, and during seed
development and germination.
M a t e r i a l s  a n d  m e t h o d s
P l a n t  m a t e r i a l
Pea plants (Pisum sativum L. cv. Marzia) were grown in a growth
chamber as described (De Jong and Wolswinkel 1995). Developing seeds used
for RNA gel blot analysis were taken from pods tagged at the time of
flowering. To obtain seedling tissues for RNA gel blot analysis, pea seeds were
imbibed in aerated tap water for 24 h and then placed on moist filter paper
in Petri dishes in the dark at room temperature for 6 days.
C o n s t r u c t i o n  o f  a  s e e d  c o a t  c D N A  l i b r a r y
Coats from developing pea seeds in the filling stage were collected and
immediately frozen in liquid nitrogen. Total RNA was isolated from 10 g FW
of seed coats using the guanidine hydrochloride extraction method (Logemann
et al. 1987). Poly(A)+ RNA was prepared by oligo(dT)-cellulose
chromatography (Sambrook et al. 1989). The library was constructed in the
λ Uni-ZAP XR vector and packaged into phage particles using the ZAP-
cDNA Gigapack II Gold Cloning kit from Stratagene. The resulting library
consisted of 9.7x106 plaque forming units with an average insert length of 1.1-
1.3 kb. 
R e v e r s e  t r a n s c r i p t a s e  p o l y m e r a s e  c h a i n  r e a c t i o n  ( R T- P C R )  
PCR was performed with two degenerate primers corresponding to the
conserved NPA-boxes of the MIP-family. The sense primer 
5’-(T/C)T(A/C/G/T)AA(C/T)CC(A/C/G/T)GC(A/C/G/T)GT(A/C/G/T)AC-3’
corresponds to the amino acid sequence Leu-Asn-Pro-Ala-Val-Thr in the B-
loop, and the antisense primer 
5’-AA(A/C/G/T)(C/G)(A/T)(A/C/G/T)C(G/T)(A/C/G/T)GC(A/C/G/T)GG(A/G)TT-3’
corresponds to the sequence Asn-Pro-Ala-Arg-Ser-Phe in the E-loop. First-
strand cDNA was synthesised from 5 µg of poly(A)+ -RNA from pea seed
coats with M-MuLV reverse transcriptase (Boehringer) and the antisense
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
5 8 • C h a p t e r  4
04.01-128.proefschrift  06-11-2001  13:26  Pagina 58
primer. The PCR-mixture consisted of 10 mM Tris-HCl, pH 9.0, 50 mM
KCl, 1.5 mM MgCl2, 200 µM of each deoxynucleotide triphosphate, 3.8 µM
of each primer, cDNA corresponding to 300 ng of poly(A) + -RNA, and 1.5
units of Taq DNA polymerase (Boehringer) in a total volume of 50 µl. After
4 min of denaturation at 92°C the amplification was performed in 35 cycles
(1 min 92°C, 1 min 50°C, and 1 min 72°C). PCR products were subjected
to phenol- /chloroform-extractions and precipitated with ethanol. Primers
were removed using a SephacrylS-400HR column (Pharmacia). After
electrophoresis on an agarose gel a band corresponding to a  ~400 bp PCR
product was isolated, purified with QiaexII (Qiagen) and cloned into the
pGEM-3Z plasmid vector (Promega). 
L a b e l l i n g  o f  c D N A - p r o b e s  a n d  s c r e e n i n g  o f  t h e  c D N A - l i b r a r y
PCR-fragments of PsPIP1-1, PsPIP2-1, PsγTIP-1 and PsNIP-1 were
radiolabelled with [α-32P]dCTP (3000Ci/mmol; ICN) by random primer
labelling (Feinberg and Vogelstein 1983) using 40-50 ng of cDNA as a template
(Ready-to-Go-DNA-labelling kit, Pharmacia). Excessive nucleotides were
removed with Microspin S400-HR columns (Pharmacia). The cDNA library
was plated on the E. coli host strain XL1-Blue MRF’. Plaques were blotted
onto Hybond-N+ membranes (Amersham) and hybridisation was performed
for 16-18 h at 63°C in 0.5 M Na-phosphate (pH 7.2), 1 mM EDTA, and 7%
(w/v) SDS, using the [32P]-labelled probes of the four MIP gene fragments.
Blots were washed three times for 30 min at 65°C in 2 x SSC, 0.5% (w/v)
SDS and autoradiographed (Kodak X-Omat AR) at -80° C for 2 to 5 days.
Positive clones were isolated from the agar plates and stored in phage buffer
(20 mM Tris-HCl pH 7.4, 100 mM NaCl, 10 mM MgSO4, 0.01% gelatine).
A second screening was performed similarly except that the phage suspension
was plated at lower density, allowing the isolation of single phage clones.
Following Stratagene’s protocol of the ZAP-cDNA Gigapack II Gold Cloning
kit, a helper phage (Exassist) was added to the clones selected from the second
screening to excise in vivo the pBluescript phagemid from the λ vector. 
R N A  g e l  b l o t  a n a l y s i s
Collected plant material was frozen immediately in liquid nitrogen and
ground to a fine powder using a mortar and pestle. Aliquots of the
homogenised tissue (0.5 g) were stored at -80°C until used for RNA
extraction. Total RNA was extracted in an equal volume of extraction buffer
(0.35 M glycine, 0.048 M NaOH, 0.34 M NaCl, 0.04 M EDTA, 4% (w/v)
SDS). The homogenates were extracted with phenol and chloroform and the
RNA was precipitated using LiCl as described by Sambrook et al. (1989). For
RNA analysis, 15 µg of RNA was denatured using glyoxal and DMSO
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(Sambrook et al. 1989), separated electrophoretically on 1.5% (w/v) agarose
gels and blotted onto Hybond-N+ membranes by capillary transfer. The
electrophoresis buffer and blotting buffer consisted of 10 mM and 25 mM
sodium phosphate (pH 7), respectively. Prior to hybridisation RNA blots were
washed in 20 mM Tris-HCl (pH 8.0) at 65°C for 1 h. RNA blots were
hybridised overnight  at 65°C in 0.5 M sodium- phosphate (pH 7.2), 7% (w/v)
SDS, 1 mM EDTA using the [32P]-labelled PCR-fragments of PsPIP1-1,
PsPIP2-1, PsγTIP-1 and PsNIP-1 as probes. Blots were washed three times
for 30 min at 65°C with 2xSSC, 0.5% (w/v) SDS and hybridisation signals
were detected by autoradiography (-80°C; Kodak X-Omat-AR) or by
phosphoimaging (Biorad Molecular Imager FX; program: Quantity One). Film
scans and phosphoimager files were processed in Adobe PhotoShop 5.5.
Hybridisation with an 851bp RT-PCR fragment (sense primer 5’- GGC TCA
TTG AGT CTG GTA -3’, antisense primer 5’- GTC GAG GTC TCG TTC
GTT -3’) from Pisum sativum 18S rRNA (accession number U43011) was
used as loading control.
S o u t h e r n  b l o t  a n a l y s i s
Genomic DNA was isolated from pea leaves of 19-days-old plants. The
frozen tissue was homogenised, then mixed with an equal volume of DEB-
buffer (0.2 M Tris-HCl pH 8.0, 100 mM EDTA, 1% (w/v) SDS) and incubated
for 10 min at 65°C. DNA samples were extracted with phenol (two times)
and chloroform, precipitated with ethanol and treated with RNase. The crude
extract was further purified on a Qiagen-tip 500 according to the
manufacturer’s manual. The DNA was digested with EcoRI, HindIII, BamHI,
XbaI and SacI. Fragments of the genomic DNA were separated by
electrophoresis on a 0.7 % (w/v) agarose gel and blotted onto a Hybond-N+
membrane. The blots were hybridised overnight at 63°C with [32P]-labelled
cDNA prepared from the purified mixture of PCR-products and washed as
described above.
S e q u e n c i n g  a n d  s e q u e n c e  a n a l y s i s  
Sequencing was performed with the DyeDeoxy Terminator Cycle
Sequencing kit. Similarity searches were performed using the Advanced
BLAST2 Search Service of Bork group at EMBL, Heidelberg (Altschul et al.
1997). Multiple alignments were performed with MultAlin, University of
Toulouse, France (Corpet 1988).
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R e s u l t s
C l o n i n g  a n d  s e q u e n c i n g  o f  f o u r  M I P s  
RT-PCR of mRNA from developing pea seed coats was performed using
primers corresponding to the conserved NPA-boxes of the MIP-family.
Electrophoresis of the PCR products on agarose gel yielded a single band of
~400 bp. Southern blot analysis indicated that the PCR products hybridised a
limited number of genomic fragments (Fig. 1). The PCR products were cloned
into the plasmid vector pGEM-3Z. Transformation of E. coli JM109 cells
yielded 37 independent clones. After sequencing, five distinct PCR fragments
were identified that all showed homology to MIP-like genes. Two fragments,
named PIP1-1 and PIP1-2, belonged to the PIP1 group (Fig. 2), three other
fragments to the PIP2-, γTIP-, and NIP-subgroup, respectively. Restriction
analysis indicated that 12 clones contained the PIP1-1 fragment, 3 clones the
PIP1-2 fragment, 4 clones the PIP2 fragment, 1 clone the γTIP fragment, and
2 clones the NIP fragment. 
To obtain full-length cDNAs of the cloned PCR fragments the seed coat
cDNA library was screened using the [32P]-labelled PCR-fragments. From  ~
50,000 plaques, approximately 200 positive clones were obtained with the
PIP1-1 fragment, 80 with the PIP2 fragment,  80 with the γTIP fragment,
and 40 with the NIP fragment. These abundances of the four transcripts in
the cDNA library are in reasonable agreement with their abundances in the
mixture of PCR products. Sequences of the full-length cDNAs confirmed
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F i g u re  1 . Southern-blot analysis of genomic DNA from
pea. DNA was digested with EcoRI, Hind III, BamHI Xba I,
and Sac I, and hybridised with the [32P]-labelled mixture of
PCR products obtained with degenerated primers
corresponding to the conserved NPA boxes of the MIP
family.
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that they encode members of the PIP1-, PIP2-, γTIP-, and NIP-subgroup.
The nucleotide sequence of the full-length clone of PsPIP1-1 appeared to be
identical to that of clone 7a/TRG-31 (accession number Z18288; Guerrero et
al. 1990; Guerrero and Crossland, 1993). The other clones were named
PsPIP2-1 (accession number AJ243307), PsγTIP-1 (accession number
AJ243309), and PsNIP-1 (accession number AJ243308) respectively. With the
probe of the PIP1-2 fragment no full-length clone was obtained. An alignment
of the deduced amino acid sequence of the four MIP genes is shown in Fig.
3.
E x p r e s s i o n  s t u d i e s
Expression of the four MIP-genes was examined by RNA gel blot analysis
using the [32P]-labelled PCR-fragments of PsPIP1-1, PsPIP2-1, PsγTIP-1 and
PsNIP-1 as probes. The specificity of the probes was verified by testing cross
hybridisation with cDNA of the full-length clones (not shown). As can be
seen in Fig. 4, PsPIP1-1, PsPIP2-1, and PsγTIP-1 were expressed in all organs.
PsPIP1-1 was most strongly expressed in roots, cotyledons and pod wall, and
most weakly in seed coats. Transcripts of PsPIP2-1 were most abundant in
roots and pod wall. Transcripts of PsγTIP-1 were present at a remarkably low
level in the cotyledons of developing seeds. Expression of PsNIP-1 was found
exclusively in the coat of developing seeds.
The expression of the four genes in seed coat and cotyledons during seed
development is shown in Fig. 5. In cotyledons PsPIP1-1 was expressed at a
high, remarkably constant level, whereas the expression of PsPIP2-1 and
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f igure  2 . Deduced amino acid sequences of two PCR fragments that belong to the PIP1-group. The
PIP1-1 fragment is identical to the fragment of clone 7a/TRG-31 between the NPA-boxes (Guerrero et
al. 1990, Guerrero and Crossland 1993). Major differences between PIP1-1 and PIP1-2 are found in the
C loop. Transmembrane helices (H3, H4 and H5) are in grey and different amino acids are printed in
bold.
ICGAGVVKGF
B H3 C
PIP1-1 I FYMVMQVLGA  EGKQRFGDLN
PIP1-2 V FYIVMQVLGA ICGAGVVKGF EGKAFYGKVH
H4 D 
PIP1-1 GGANFVAPGY TKGDGLGAEI  VGTFILVYTV  FSATDAKRSA RDSHVPILAP
PIP1-2 GGANFVAPGY TKGDGLGAEI
 
IGTFVLVYTV
 
FSATDAKRSA RDSHVPILAP
H5
 
E 
PIP1-1 LPIGFAVFLV HLATIPITGT GINPAR
PIP1-2 LPIGFAVFLV HLATIPITGT GINPAR
NPAVTFGLFL ARKLSLTRA
NPAVTFGLFL ARKLSLTRA
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AQP1 .......... .......... .......... .......... ...MASEFKK
PsPIP1-1 MEAKEQDVSL GANKFPERQP LGIAAQSQDE PKDYQEPPPA PLFEPSELTS
PsPIP2-1 .......... ......MAKD VEVQEQGEYS AKDYQDPPPA PLIDLDELTK
Ps γ TIP-1 .......... .......... .......... ....MPIRNI AIGTPQEATH
PsNIP-1 .......... ......MGDN SGCNETNEIV VNVNKDVSNI TQEDSTAHAT
GlpF .......... .......... .......... .......... ......MSQT
WSFYRALIAE FVATLLFLYV TILTIIGYSH QTDANAGGTD CDGVGILGIA
PDTLKAGLAE FISTFIFVFA GSGSGIAYNK LTD....NGA ATPAGLISAS
ASLLQKLVAE VVGTYFLIFA GC.AAVAVNK NND....... .NVVTLPGIS
STLKGQCIAE FLGTGLLIFF GVGCVAALKV AG........ .ASFGQWEIS
WSFYRAGIAE FIATFLFLYI TVLTVMGVVR ES......SK CKTVGIQGIA
KLFWRAVVAE FLATTLFVFI SIGSALGFKY PVG....NNQ TAVQDNVKVSAQP1
PsPIP1-1
PsPIP2-1
Ps γ TIP-1
PsNIP-1
GlpF
WAFGGMIFIL VYCTAGISGG HINPAVTFGL FVGRKVSLLR AVFYMAAQCA
LAFGLSIATL AQSVGHISGA HLNPAVTLGL LLSCQISIFR ALMYIIAQCV
WAFGGMIFAL VYCTAGISGG HINPAVTFGL FLARKLSLTR AIFYMVMQVL
IAHAFALFVA VSVGANISGG HVNPAVTFGA FVGGNITLLR GIVYIIAQLL
IVWGLAVMVL VYSLGHISGA HFNPAVTIAF ATTRRFPLKQ VPAYIAAQVF
VIWGLGVAMA IYLTAGVSGA HLNPAVTIAL WLFACFDKRK VIPFIVSQVA
AQP1
PsPIP1-1
PsPIP2-1
Ps γ TIP-1
PsNIP-1
GlpF
GAIVATAILS GITSSLTGN. .......... .......SLG RNDLADGVNS
GAICGAGVVK GFEGKQRFG. .......... .....DLNGG ANFVAPGYTK
GAVCGTGLAK GFQ.KSFFD. .......... .....RYGGG ANFIHDGYNK
GSIVASALLV FVTASSV... .......... .........P AFALSAGVGV
GSTLASGTLR LLFSGKHDQ. .......... .........F VGTLAAGSNL
GAFCAAALVY GLYYNLFFDF EQTHHIVRGS VESVDLAGTF STYPNPHINF
AQP1
PsPIP1-1
PsPIP2-1
Ps γ TIP-1
PsNIP-1
GlpF
AQP1
PsPIP1-1
PsPIP2-1
Ps γ TIP-1
PsNIP-1
GlpF
AQP1
PsPIP1-1
PsPIP2-1
Ps γ TIP-1
PsNIP-1
GlpF
GQGLGIEIIG TLQLVLCVLA TT.DRRRR.. ..DLGGSAPL AIGLSVALGH
GDGLGAEIVG TFILVYTVFS .ATDAKRSAR DSHVPILAPL PIGFAVFLVH
GTALGAEIIG TFVLVYTVFS .ATDPKRNAR DSHVPVLAPL PIGFAVFMVH
GPALVLEIVM TFGLVYTVYA TAVDPKKG.. ..NIGIIAPI AIGFIVGANI
.QAFVMEFII TFYLMFIISG VATDNRA... ...IGELAGI AVGSTVLLNV
VQAFAVEMVI TAILMGLILA LTDDGNGV.. ..PRGPLAPL LIGLLIAVIG
LLAIDYTGCG INPARSFGSA VI........ .....THNFS NHWIFWVGPF
LATIPITGTG INPARSLGAA I......... .VFNKKIGWN DHWIFWVGPF
LATIPITGTG INPARSFGSA V......... .ILNQGKIWD DQWVFWVGPI
LVGGAFTGAS MNPAVSFGPA V......... .V...SWSWA NHWIYWAGPL
MFAGPITGAS MNPARSIGPA F......... .VHN...EYR GIWIYMISPI
ASMGPLTGFA MNPARDFGPK VFAWLAGWGN VAFTGGRDIP YFLVPLFGPI
AQP1
PsPIP1-1
PsPIP2-1
Ps γ TIP-1
PsNIP-1
GlpF
IGGALAVLIY DFILAPRSSD LTDRVKVWTS GQVEEYDLDA DDINSRVEMK
IGAALAALYH QVVIRAIPFK SK........ .......... ..........
IGATVAAIYH QYILRGSAIK ALGSFRSNA. .......... ..........
IGGGLAGLIY EVLFINSTHE QLPTTDY... .......... ..........
VGAVSGAWVY NVIRYTDKPV REITKSGSFL KGAKP..... ..........
VGAIVGAFAY RKLIGRHLPC DICVVEEKET TTPSEQKASL ..........
PK
..
..
..
..
..
P1
P2 P3 P4 P5
* * *
* *
*
* *
* *
H1
H2 H3
H4 H5
H6
A
B
C
D
E
F i g u re  3 .  Alignments of AQP1, GlpF, and the deduced amino acid sequences of four members of
the MIP family cloned from a cDNA library of pea seed coats. PsPIP1-1 is identical to TRG-31 (Guerrero
et al. 1990; Guerrero and Crossland, 1993). Identical amino acid residues in the four seed coat MIPs
are in bold. Transmembrane helices H1-H6 (highlighted in yellow) and pore helices B and E
(highlighted in turquoise) in the seed coat MIPs were predicted after alignment to AQP1. Asterisks
indicate conserved glycines/alanines involved in helix-helix interactions. Residues corresponding to
those lining the pore constriction in AQP1 are marked by blue arrows, and those lining the selectivity
filter in GlpF by red arrows. P1 to P5 denote Froger’s positions used to discriminate between
aquaporins and glycerol facilitators (Froger et al. 1998). 
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PsγTIP-1 was confined to the earlier stages of development (less than 24 days
after flowering). In seed coats the abundance of PsγTIP-1 transcripts was
almost constant up to 28 days after flowering, and then slightly decreased. By
contrast, the abundance of transcripts of PsPIP1-1, PsPIP2-1 and PsNIP-1
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F i g u re  4 . RNA gel blot analysis of
the expression of PsPIP1-1 , PsPIP2-1 ,
PsγTIP-1 and PsNIP-1 in various organs
of Pisum sativum. Flowers were taken
from 32-34 days old plants; leaves,
stems, roots, pod walls, cotyledons
and seed coats were harvested from
51-days old plants. 
le
af
st
em
 (
to
p
)
st
em
 (
b
as
e)
fl
o
w
er
p
o
d
 w
al
l
se
ed
 c
o
at
co
ty
le
d
o
n
ro
o
t
PsPIP1-1
PsPIP2-1
PsγTIP-1
PsNIP-1
18S rRNA
F i g u re  5 . RNA gel blot analysis of the expression of PsPIP1-1 , PsPIP2-1 , PsγTIP-1 and PsNIP-1 in
seed coat and cotyledons during seed development. Tissues were harvested 12 - 36 days after
flowering (d.a.f.).
seed coat cotyledons
12 20 24 28 32
PsPIP1-1
PsPIP2-1
PsγTIP-1
PsNIP-1
18S rRNA
20 24 28 32 3616 16d.a.f.
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highly increased in the final stage of development (more than 20 days after
flowering).
In the dry mature seed, transcripts of PsPIP1-1 were abundantly present,
whereas transcripts of PsPIP2-1, PsγTIP-1 and PsNIP-1 were not detected
(Fig. 6). After imbibition the expression of PsPIP1-1 in the cotyledons first
declined, but increased again at 4 days after imbibition. Transcripts of PsγTIP-
1 also appeared in the cotyledons of the germinating seed, whereas those of
PsNIP-1 and PsPIP2-1 remained undetectable. In roots of the etiolated pea
seedlings PsPIP1-1, PsPIP2-1 and PsγTIP-1 were all abundantly expressed.
Expression of these genes in shoots of the seedlings was at a lower level and
tended to increase during the 7-days-growth period. In roots and shoots of
the seedlings no hybridisation signals were visible with the probe for PsNIP-
1. 
D i s c u s s i o n
Some 200 genes coding for MIP-like proteins in higher plants have been
identified. In the genome of Arabidopsis thaliana as much as 39 MIP-genes
have been recorded (http://www-biology.ucsd.edu/ ~ ipaulsen/transport/)
and at least 28 are expressed in maize (Chaumont et al. 2001). Arabidopsis has
10-fold more MIP-genes than any other sequenced organism, which hints to
the importance of hydraulics in a wide range of plant processes (The
Arabidopsis Genome Initiative 2000). Based on amino acid sequence
homology the MIPs of higher plants can be divided into three subfamilies:
the plasma-membrane-intrinsic proteins (PIPs), the tonoplast-intrinsic proteins
(TIPs), and the Nodulin 26-like MIPs (NLMs or NIPs). We have shown here
that at least one representative of each subfamily is expressed in the developing
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F igure  6 .  RNA gel blot analysis of the expression of PsPIP1-1, PsPIP2-1, PsγTIP-1 and PsNIP-1 in dry
seeds and in cotyledons, shoots and roots of etiolated seedlings. Tissues were harvested from
germinating seeds 0 - 7 days after imbibition (d.a.i.).
dry
seed
axis cotyledons root shoot
0 1 1 2 3 4 5 6 7 2 3 4 5 6 7 2 3 4 5 6 7
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PsNIP-1
18S rRNA
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pea seed coat. PsPIP1-1, PsPIP2-1, and PsγTIP-1 are expressed throughout
the plant whereas transcripts of PsNIP-1 were only detected in the seed coat. 
C o n s e r v e d  a m i n o  a c i d  r e s i d u e s  a n d  M I P  s t r u c t u r e
Alignment of the sequences of AQP1, GlpF, and the four MIPs from pea
seed coats shows that 26 amino acid residues are fully conserved (Fig. 3).
Several of these residues can be related to the typical backbone structure of
MIPs as revealed in the models of AQP1 and GlpF (Murata et al. 2000, Fu et
al. 2000). Conserved glycines/alanines in helices 3 and 6 reveal the
(G/A)xxx(G/A) motif that is a framework for transmembrane helix-helix
association (Russ and Engelman 2000). Helix 3 contains a highly conserved
Gly residue, which is in the middle of the AxxxGxxx(G/A)-motif (in PsPIP1-
1 the first Ala being replaced by Met), and in helix 6 two conserved glycines
are part of the GxxxGxxx(A/G)-motif (in PsNIP-1 the first Gly being replaced
by Ser). The crossing of helix 2 and 5 is maintained by conserved glycine
residues (replaced by Ala in helix 2 of PsγTIP-1). The short helices in the
functional loops B and E have each a conserved Gly at contact sites with
transmembrane helix 6 and 3, respectively.
In AQP1 the positions of the functional loops B and E are further
stabilised through ion pairs and hydrogen bonds. The conserved His in loop
B forms an ion pair with the conserved Glu in helix 1, and the conserved Arg
in loop E is connected by a salt bridge to the conserved Glu in helix 4 (In the
E-loop of PsγTIP-1 the Arg residue is replaced by Val).  In AQP1 these ion
pairs are stabilised by the polar residues Thr80, Gln101, Ser196 that surround
them in the membrane, and which correspond with the conserved Thr in loop
B, the conserved Gln in helix 3, and the conserved Ser in loop E. The position
of loop B is further stabilised by a hydrogen bond between the conserved Ser
(Ser71 in AQP1) and the conserved Tyr in helix 3 (Tyr97 in AQP1). Positions
of the NH-groups in the main chain of the pore loops B and E are stabilised
by hydrogen bonds to the highly conserved Thr-residues in helix 1 and helix
4 (Thr21 and Thr146 in AQP1, respectively)
T h e  p o r e  o f  a q u a p o r i n s
The pore of AQP1 is lined by 32 amino acid residues (Murata et al. 2000).
Of these residues 19 are identical in PsPIP1-1, 21 in PsPIP2-1, 13 in PsγTIP-
1, and 10 in PsNIP-1, whereas 12 amino acid residues are identical in GlpF
(not shown). The constriction of the pore in AQP1 is lined by eight amino
acid residues: the two polar Asn residues of the B and E loop, and six
hydrophobic residues in helices 1, 2, 4, and 5, and the two pore loops,
respectively. These eight residues are highly conserved in the MIP-family
(Table 1). In PsPIP1-1 and PsPIP2-1 seven of these residues are the same, only
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Leu75 being replaced by Ile, whereas in PsγTIP-1, PsNIP-1, and GlpF the
number of identical residues is 5, 4, and 4, respectively (Table 1). In all cases,
even the non-identical amino acid residues are very similar: F may be replaced
by L; I by L, V, or M; L by I, V, or F; V by I. It may be noted that water
transport activity has been demonstrated for members of the PIP1- and PIP2-
subgroup, for α-, γ-, and δ-TIPs, as well as for NIPs (Johansson et al. 2000).
T h e  P I P - s u b f a m i l y
Members of the PIP-subfamily have very similar sequences,  more than
60% of the amino acid residues being identical. The PIP-subfamily falls into
the PIP1- and PIP2-subgroups (Kammerloher et al. 1994 Schäffner 1998).
Alignment of 14 PIP1-members and 14 PIP2-members from data bases
revealed that for the PIP subfamily as a whole, several parts of the sequences
are highly similar: all trans-membrane helices, loops B and D, the first part of
loop E and the proximal parts of the N- and C-terminus. The long stretches
of high similarity alternate with more variable regions: the first part of the N-
terminus, loop A, loop C, the second part of loop E, and a few last residues
of the C-terminus. Differences between PIP1- and PIP2-members are in the
N- and C-terminus. The N-terminus of PIP1-members, which is  ~15 amino
acid residues longer than that of PIP2-members, displays a high overall
similarity and contains the motif MxExKExDVxxGANKxxExQPxGxxAQ,
which is typical of PIP1-members and the main difference with PIP2 members.
Another difference is in the second half of the C-terminus which contains in
PIP1 members the motif PFxK(S/T)(R/K/S), and in PIP2-members the motif
KxLGSFRS. 
In the pea seed coat at least two members of the PIP1-group are
expressed. PsPIP1-1 is identical to the turgor-responsive gene clone 7a /
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Ta b l e  1 .  Amino acid residues lining the pore constriction of the aqueous channel in human AQP1
(Murata et al. 2000) and the corresponding residues in the four MIPs from pea seed coats and in GlpF
from E. coli . The localisation of the residues in AQP1 is as follows: F24 in helix 1, I60 in helix 2, L75
and N76 in pore loop B, L149 in helix 4, V176 in helix 5, and I191 and N192 in pore loop E. Amino acid
residues identical to those in AQP1 are printed in bold.
AQP1 PsPIP1-1 PsPIP2-1 PsγTIP-1 PsNIP-1 GlpF
F24 F F F L L21
I 60 I I L V V52
L75 I I V F L67
N76 N N N N N68
L149 L L L L L159
V176 V V V V I187
I 191 I I M M M202
N192 N N N N N203
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TRG-31 cloned by Guerrero et al. (1990). In addition we identified the partial
sequence of a gene encoding a second member of this subgroup, PsPIP1-2,
in which the C-loop is considerably different from that in PsPIP1-1 (Fig. 2).
Members of PIP1 and PIP2 are often co-expressed in plant tissues (see e.g.
Johansson et al. 1996, Fotiadis et al. 2001).  This is also true of PsPIP1-1 and
PsPIP2-1. Interestingly, however, they display different expression patterns
in coat and cotyledons during seed development (Fig. 4-6)
Inasmuch as PIP2-members expressed in Xenopus oocytes induce
relatively high water permeabilities they may be regarded as orthodox
aquaporins. The function of PIP1-members is less clear because, after
expression in oocytes, they show a much lower aquaporin activity than PIP2-
members (Kammerloher et al. 1994, Chaumont et al. 2000a, Dixit et al. 2001).
ZmPIP1a and ZmPIP1b from maize even showed no aquaporin activity at all
although the proteins were properly targeted to the plasma membrane of the
oocyte (Chaumont et al. 2000a). Based on circumstantial evidence, some
PIP1-members (including TRG-31 from pea, which is identical to PsPIP1-1)
have been suggested to transport certain solutes. Histochemical analysis of
transgenic tobacco expressing TRG-31 promoter::Gus constructs showed high
Gus activity in cotyledons of germinating seedlings as well as in root-to-shoot-
and hypocotyl-to-cotyledon junctions. In more mature seedlings TRG-31
promoter activity was in the non-elongating portion of the root and in stem
especially in the vascular tissue. These observations lead to the suggestion that
TRG-31 could be involved in the transport of assimilates (Jones and Mullet
1995). Recently it was suggested that the ripening-associated membrane
protein from tomato, TRAMP, which also belongs to the PIP1-group, might
be involved in the transport of sugars and/or organic acids (Chen et al. 2001). 
T h e  γ T I P - s u b g r o u p
TIPs are tonoplast localised MIPs in plants. The TIP-subfamily can be
divided into α-, γ-, and δ-TIPs, which may be used as markers for different
vacuolar compartments in the plant cell. α-TIPs are found in the membrane
of protein storage vacuoles in seeds, whereas δ-TIPs localise to the membrane
of vacuoles containing vegetative storage proteins and pigments. The γ-TIPs
are typical for the membrane of lytic vacuoles, but may be also present in the
tonoplast of storage vacuoles along with α- and/or δ-TIPs (Jauh et al. 1999).
The  γ-TIP identified in the cDNA library of pea seed coats was found to be
expressed throughout the plant. In cotyledons its expression was relatively low
during seed development, undetectable in the dry seed, and was slightly
resumed during germination. 
The expression level of γ-TIPs has been related to cell enlargement
(Ludevid et al. 1992; Balk and De Boer 1999). In developing pea seeds the
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
6 8 • C h a p t e r  4
04.01-128.proefschrift  06-11-2001  13:26  Pagina 68
expression of PsγTIP-1 in cotyledons coincided with the growth phase but,
by contrast, its expression in the seed coat was highest when growth was
finished (Fig. 5). 
T h e  N I P - s u b f a m i l y
NIPs probably represent the most ancient MIPs in the plant kingdom, as
their closest homologs are MIPs from the archaebacteria Archaeoglobus fulgidus
and Methanobacterium thermoautotrophicum (accession numbers O28846 and
O26206). The best-studied NIP is Nodulin 26, the major intrinsic protein of
the peribacteroid membrane of the soybean nodule (Dean et al. 1999, and
references therein). Nodulin 26 as well as LIMP2 from the legume Lotus
japonicus (Guenther and Roberts 2000) are exclusively expressed in nodules.
It is likely that PsNIP-1 is an orthologue of Nodulin 26 and LIMP2. Though
once thought to be unique for the legume nodule, NIPs have been also
identified in non-legumes. The Arabidopsis genome contains 8 NIP-genes
(Weig et al. 1997), and four different NIPs were identified in cDNA libraries
of maize (Chaumont et al. 2001). The NIPs from Arabidopsis were reported
to be expressed exclusively (AtNLM1 and AtNLM5) or predominantly
(AtNLM2 and AtNLM4) in roots (Weig et al. 1997, Weig and Jakob 2000a).
It would be interesting to know whether any of the AtNLMs is expressed in
seed coats. A gene coding for a NIP was also cloned from the pollen of
Nicotiana alata (accession number P49173) and another one from rice anthers
(Liu et al. 1994), the latter being expressed in shoots but not in roots.
Interestingly, the only MIP-gene cloned so far from a non-seed plant, the fern
Adiantum capillus-veneris, belongs to the NIP subfamily (accession number
BAB12437). As compared with other MIP genes, those coding for non-nodule
NIPs seem to be expressed at low levels. Because the peribacteroid membrane
is derived from the plasma membrane of the host cell, it may be expected that
the non-nodule NIPs are localized in the latter membrane, but experimental
evidence for this is lacking. 
Although the NIP subfamily has been classified in the aquaporin cluster
(Heymann and Engel 1999), several of its members have been shown to
transport glycerol after heterologous expression in either Xenopus oocytes
(Nod-26: Dean et al. 1999, LIMP2: Guenther and Roberts 2000) or in yeast
cells (AtNLM1 and AtNLM2: Weig and Jakob 2000b). In GlpF glycerol is
transported through an amphipathic channel. Eleven amino acids contribute
to hydrogen bonding and hydrophobic contacts with the substrate (Fu et al.
2000). Of these residues 7 recur in PsNIP-1, 5 in PsPIP1-1 and PsPIP2-1, 4
in PsγTIP-1, whereas 6 residues are identical in AQP1 (Table 2). The
constriction pore (selectivity filter) in GlpF is lined by three residues: Trp48,
Phe200, and Arg206. These three residues are crucial for the selective transport
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of glycerol by GlpF (Fu et al. 2000, Unger 2000). Residue Phe200, three
positions in front of the NPA-box in the E-loop, is replaced by Thr in PsPIP1-
1 and PsPIP2-1, and by Ala in PsγTIP-1 and PsNIP-1 (Table 2). Arg206 of
GlpF, just behind the NPA-motif of the E loop, is highly conserved
throughout the MIP family. Alignment of several glycerol-transporting MIPs
showed that Trp48 in GlpF is conserved in FSP1, the glycerol facilitator from
Saccharomyces cerevisiae, whereas in others (mammalian AQP3, AQP7, and
AQP9) it is replaced by Phe. The tryptophan side chain is also present in
PsNIP-1 as well as in several other members of the NIP-subfamily, except
three NIPs from maize and one from Arabidopsis (Table 4).
Froger et al. (1998) pinpointed five positions (P1-P5) that may be used to
distinguish between the AQP-cluster and the Glp-cluster (Table 3).
Particularly the residues at positions 4 and 5 seem to be determining factors
for the selectivity of water and glycerol transport. Substitution of Tyr and Trp
at P4P5 by Pro and Leu in the orthodox insect aquaporin AQPcic abolished
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Ta b l e  2 .  Amino acid residues lining the amphipathic pore in GlpF (Fu et al . 2000) and the
corresponding residues in AQP1 and the four MIPs from pea seed coats. Amino acid residues that
contribute to hydrogen bonding of the substrate are marked by =, and those marked by « make
hydrophobic contacts with the substrate. Residues lining the pore constriction (selectivity filter) in
GlpF are underlined. Amino acid residues identical to those in GlpF are printed in bold.
AQP1 PsPIP1-1 PsPIP2-1 PsγTIP-1 PsNIP-1 GlpF
F56 F F H W W48 =«
I60 I I L V V52 « 
H74 H H H H H66 =
L75 I I V F L67 «
N76 N N N N N68 =
L149 L L L L L159 «
V176 V V V V I 187 «
G188 G G G G G199 =
C189 T T A A F200 =
G190 G G S S A201 =
R195 R R V R R206 =
Table  3 .  Amino acid residues at Froger’s positions (P1 -P5) to distinguish between aquaporins (AQP
cluster) and glycerol facilitators (Glp cluster), and the residues at these positions in AQP1, GlpF, and
the four MIPs from the pea seed coat. Residues typical of the Glp cluster are printed in bold.
AQP1 PsPIP1-1 PsPIP2-1 PsγTIP-1 PsNIP-1 GlpF AQP cluster Glp cluster
P1 T
116 E Q T F Y109 non-aromatic aromatic
P2 S
196 S S S S D207 small, uncharged D
P3 A
200 A A A A K211 small, uncharged K or R
P4 F
212 F F Y Y P236 aromatic P
P5 W
213 W W W M L237 aromatic hydrophobic,
non-aromatic
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water transport and allowed the passage of glycerol through the protein (Lagrée
et al. 1999). As can be seen in Table 4, most NIPs from seed plants have amino
acid residues at two positions (P1 and P5) that are typical of the Glp cluster
whereas, interestingly, the two MIPs from archaebacteria and the MIP from
the fern Adiantum capillus-veneris have only one at P5.
Curiously, glycerol transport has been also reported for NtAQP1 and
NtTIPa from tobacco, representatives of the PIP1- and γ-TIP group,
respectively (Biela et al. 1999, Gerbeau et al. 1999). In NtAQP1 and NtTIPa
the residues at Froger’s positions as well as the residue corresponding with
W48 of GlpF are all typical of aquaporins (Table 4). 
C o n c l u s i o n s  a n d  p e r s p e c t i v e
In the seed coat of developing pea seeds at least five MIPs are expressed.
The proteins encoded for by the two PIP1-members, the PIP2, and the NIP
may be involved in water flux across the plasma membranes of seed coat cells.
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Ta b l e  4 .  Amino acid residues corresponding to Trp48 in GlpF and at Froger’s positions (P1-P5) in
some selected MIPs. Residues typical of glycerol facilitators are printed in bold.
acc. no. code description organism W
48
P1 P2 P3 P4 P5
P11244 EcGlpF glycerol facilitator E. coli W Y D K P L
P23900 ScFPS1 glycerol facilitator yeast W W D R P M
Q92482 HsAQP3 aquaglyceroporin man F Y D R P I
O14520 HsAQP7 aquaglyceroporin man F F D R P V
O43315 HsAQP9 neutral solute channel man F Y D R P V 
P08995 GmNod26 NIP soybean W F S A Y L 
Q9XGG7 PsNIP-1 NIP pea W F S A Y M
Q9LKJ5 LjLIMP2 NIP Lotus japonicus W F S A Y L
P49173 NaPMIP NIP winged tobacco W F S A Y V
Q40746 rMIP NIP rice W F S A Y I
O48595 AtNLM1 NIP Arabidopsis W F S A Y L
CAC14597 AtNLM2 NIP Arabidopsis W F S A Y I
O64706 AtNLM3 NIP Arabidopsis W F S A Y L
BAB10360 AtNLM4 NIP Arabidopsis W F S A Y I
BAB10361 AtNLM5 NIP Arabidopsis W F S A Y I
CAB39791 AtNLM6 NIP Arabidopsis A F T A Y L
AAK26750 ZmNIP1-1 NIP maize W F S A Y V
AAK26751 ZmNIP2-1 NIP maize G L T A Y F
AAK26752 ZmNIP2-2 NIP maize G L T A Y F
AAK26753 ZmNIP3-1 NIP maize A F T A Y L
BAB12437 AcNIP NIP Adiantum F L S A Y I
O28846 AfMIP MIP Archaeoglobus F V T Y Y V
O26206 MtMIP MIP Methanobacterium F A T Y Y V
P48838 EcAqpZ aquaporin E. coli F A S A F W
AAB81601 NtAQP1 PIP1 tobacco F M S A F W
CAB40742 NtTIPa δ-TIP tobacco H T S A Y W
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In particular, they may be involved in the release of Münch water, which is
intimately connected with the supply of nutrients to the plant embryo. It is
tempting to speculate that the parallel increase in the abundance of transcripts
for PsPIP1-1, PsPIP2-1 and PsNIP-1 during development of the pea seed
coat may be related to high rates of seed coat unloading. The possibility that
at least some of the MIP genes expressed in seed coats have a role in the release
of certain solutes from parenchyma cells cannot be excluded, since particular
MIPs are known to transport a range of neutral solutes or ions (Tsukaguchi et
al. 1998, Yasui et al. 1999).
Tetramers of AQP1 and GlpF possess a central pore along the four-fold
axis (Fu et al. 2000, Ren et al. 2001). This pore is closed at the extracellular
side but otherwise it has similar dimensions as in the tetrameric KcsA potassium
channel (Doyle et al. 1998). It is conceivable that in certain MIPs under certain
circumstances this pore may act as an alternative pathway for ions of as yet
unidentified substrates (Fu et al. 2000, Unger 2000). Further complexity in
the shape of tetramer channels of MIPs may arise if heterotetramers are formed.
Formation of heterotetramers was recently demonstrated for α-TIP isoforms
from lentil seeds (Harvengt et al. 2000). It is also a possible explanation for
the observation that simultaneous expression of two MIPs in Xenopus oocytes
synergistically increased the water permeability of the oocyte membrane
(Chaumont et al. 2000b). On the other hand in preparations of a co-purified
PIP1- and PIP2-member from spinach leaves only two types of particle were
observed by electron microscopy. The smaller and almost square particles were
identified as homotetramers of the PIP2-member whereas the larger and more
circular particles were considered to be the homotetramers of the PIP1-
member. These data strongly suggest that PIP1- and PIP2-monomers do not
form heterotetramers (Fotiadis et al. 2001)
The peribacteroid membrane of nodule symbiosomes (Udvardi and Day
1997) and plasma membranes of seed coat parenchyma cells have a common
function: the efflux of nutrients from the cytoplasm of the plant cell. Although
the precise localization of PsNIP-1 in the seed coat remains to be determined,
it is not unreasonable to assume that it resides in the plasma membrane of
parenchyma cells involved in nutrient release. This would suggest that NIP
members like Nodulin 26 and PsNIP-1 have a specific function in solute-
releasing cells. As a first step in elucidating the function of the MIPs expressed
in the seed coat we are currently investigating their transport properties after
expression in Xenopus oocytes.
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C h a p t e r  5
Funct iona l  charac ter i sa t ion  of
four  Major  In t r ins i c  P rote ins  f rom
the  coat  of  deve lop ing  pea  seeds
A b s t r a c t
Four Major Intrinsic Proteins (MIPs) from the coat of developing pea seeds were expressed
in Xenopus oocytes to obtain information about their functional properties. The MIPs were
tested for their permeability for water, and several solutes (glycerol, urea, glycine and
phosphate). Expression of PsPIP1-1 did not increase the water permeability of the oocyte
membrane at pH 7.4, but glycerol and the amino acid glycine were taken up in half of the
experiments when the pH of the incubation was lowered to pH 5.5. PsPIP2-1 and PsγTIP-1
appeared to be orthodox aquaporins, facilitating the transport of water, but not that of any of
the solutes tested. PsNIP-1 is selectively permeable for water and glycerol and is therefore
designated as an aquaglyceroporin. In seed coat parenchyma cells, PsPIP2-1 is probably involved
in the release of phloem imported water. The physiological role of the other MIPs in the seed
coat remains elusive.
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I n t r o d u c t i o n
The Major Intrinsic Protein (MIP) family consists of membrane-spanning,
pore-forming proteins. The best known members of the family, the
aquaporins, are highly selective for water, but several others are also able to
transport small solutes like urea, formamide and glycerol (Tyermann et al.
1999, Heymann and Engel 1999, Johansson et al. 2000). One MIP, AQP9
cloned from rat liver, acts as a broad selectivity, neutral solute channel, thus
allowing transport of water and several metabolites across the plasma
membrane (Tsukaguchi et al. 1998). For several other MIPs (AQP1, AQP6,
NOD26), permeability for ions has been described (Yool et al. 1996, Anthony
et al. 2000, Weaver et al. 1994). 
MIPs have been identified in animals, microorganisms and plants. In
plants, MIPs constitute a major percentage of all membrane proteins. In
Arabidopsis, at least 5% of all plasma membrane proteins is thought to be a
MIP-like protein (Schäffner 1998). In spinach leaves, this percentage is even
estimated to be about 20% (Johanson et al. 1996). Also the number of
homologues present in a single species is rather high. In the genome of
Arabidopsis 35 MIP homologues have been identified (Johanson et al. 2001)
and analysis of 215 cDNA libraries from all major tissues of maize resulted in
31 different full length clones (Chaumont et al. 2001). 
Based on amino acid sequence homology plant MIPs can be divided into
three major subfamilies: (1) Plasma membrane Intrinsic Proteins (PIPs) that
are thought to be localised in the plasma membrane (Schäffner 1998). Based
on typical amino acid sequences in the N- and C-termini, this subfamily is
divided into a PIP1 and a PIP2 type. (2) Tonoplast Intrinsic Proteins (TIPs),
which have a subcellular localisation in the tonoplast in common (Schäffner
1998).  The three types currently distinguished within the TIP sub-family
(αTIP, γTIP and δTIP), appear to be typical for different vacuolar
compartments (Jauh et al. 1998, 1999). (3) NOD26-like MIPs (NIPs). The
founding member of this subfamily is Nodulin-26, a specific and abundant
protein from the peribacteroid membrane of soybean nodules. NIPs also occur
in non-nodulating species like Arabidopsis. Because the peribacteroid
membrane originates from the plasma membrane, NIPs from organs other than
nodules may be also localised in the plasma membrane.
Expression of proteins in a heterologous system gives the opportunity to
characterise the function of a protein, without the complex interference of
the entire (metabolic) pathway the protein is involved in (Frommer and
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Accession numbers at EMBL of PsPIP1-1 (identical to TRG31): Z18288, PsPIP2-1: AJ243307,
PsγTIP-1: AJ243309, PsNIP-1: AJ243308.
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Ninnemann 1995, Dreyer et al. 1999). To investigate the function of
membrane transporters, oocytes of the African clawed frog, Xenopus laevis,
are often used as an expression system (reviewed by Gurdon et al. 1971, Dreyer
et al. 1999, Miller and Zhou, 2000). Oocytes have a fully developed machinery
for protein synthesis that is needed after fertilisation, but which can also be
exploited to produce foreign proteins from injected mRNAs. Because of their
size (~1 mm3), oocytes are easy to handle and amenable for uptake experiments
with radioactive tracers and electrophysiological analysis of ion transport.
Furthermore, Xenopus oocytes have a low endogenous water permeability
which makes them particularly suitable for investigating water transport by
MIPs.
From developing pea seed coats we isolated cDNA clones of four MIPs
(chapter 4) including members of the PIP-, TIP-, and NIP-subfamily of plant
MIPs. PsPIP1-1 and PsPIP2-1 are putative plasma membrane proteins, whereas
PsγTIP-1 is supposed to be localised in the tonoplast. PsNIP-1 is a close
homologue of  NOD26. Expression of PsNIP-1 appeared to be seed coat
specific while the others were expressed throughout the plant (chapter 4).
The aim of this work was to investigate whether the pea MIPs could
function as a pathway for the transport of water or small solutes. In vitro
transcribed cRNA was injected into Xenopus oocytes and after one day of
translation, uptake experiments were performed. Water permeability was
calculated from the swelling rate of MIP-expressing oocytes after being
transferred to a hypotonic medium. To determine solute permeability, uptake
studies with radioactive solutes were carried out.  The transport of glycerol
and urea was investigated because these solutes have frequently been found
to be substrates for MIPs. Since transport of amino acids is of physiological
relevance in seed coat unloading, we also tested the small amino acid glycine.
Finally we tested whether phosphate could be a substrate for the pea MIPs,
because two potato MIPs have been shown to induce phosphate influx in a
yeast mutant deficient in phosphate transport (Leggewie et al. 1995, Leggewie
1996).
M a t e r i a l  a n d  m e t h o d s
S u b c l o n i n g  i n t o  a n  o o c y t e  e x p r e s s i o n   v e c t o r
cDNA clones, isolated from pea (Pisum sativum), encoding PsPIP1-1,
PsPIP2-1, PsγTIP-1 and PsNIP-1 (see chapter 4), were inserted in pT7TS, a
vector for transient expression in Xenopus oocytes (Johnson and Krieg, UT,
Austin, USA). This vector, which is closely related to pSP64T (Krieg and
Melton 1984), contains a 5’ and 3’ untranslated region that originates from
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Xenopus β-globin, flanking the polylinker site, and a 3’ poly-A tail of 30
nucleotides, which both increase cRNA stability after injection in Xenopus
oocytes (Krieg and Melton 1984). Sticky ends of the cDNA clones were made
blunt using the Klenow fragment of DNA polymerase I (USB Corp.,
Cleveland, USA) and DNA fragments were ligated into the EcoRV site of
pT7TS. Constructs were sequenced to ensure that no errors were introduced
in the coding sequence. The pT7TS oocyte expression vector with inserts of
the different pea MIP clones was used as template for in vitro cRNA
preparation. 
P r e p a r a t i o n  o f  c R N A
Enzymes and supplements were obtained from Roche Diagnostics
(Mannheim, Germany) unless stated otherwise. Plasmids were isolated using a
Plasmid DNA isolation kit (Qiagen, Hilden, Germany) and linearised with
SalI. For in vitro transcription, ~2 µg DNA was incubated during two hours
at 37°C in 50 µl transcription mixture (15 U T7 RNA polymerase (Promega,
Madison, USA), 1 mM of each rNTP, 0.75 mM of the methylated cap
analogue (m7G(5’)ppp(5’)G), 40 U RNasin (Promega), 10 mM dithiothreitol,
2 mM spermidine, 10 mM NaCl, 6 mM MgCl2, 40 mM Tris, pH 7.5 in
ultrapure water). To increase the yield, another 15 U of RNA polymerase was
added after 1 hour. The reaction was stopped by a 15 min-incubation with 2
U of RQ1 RNase-free DNase (Promega) at 37°C. Proteins were extracted
from the reaction mixture by a phenol/chloroform treatment and the free
nucleotides were separated from the cRNA using a Sephadex column. G50-
Sephadex (fine, DNA grade, Pharmacia, Uppsala, Sweden) in TNE (20 mM
TRIS pH 7.5, 50 mM NaCl, 1 mM EDTA) was autoclaved and brought into
a Pasteur pipette with a small piece of glass wool in the tip (1.5 ml settled bed
volume). The cRNA samples were diluted with sterile water to 100 µl, loaded
onto the column, and eluted with TNE. The eluate was collected in fractions
of 100 µl in which the cRNA concentration was determined spectro-
photometrically (GeneQuant, Pharmacia, Uppsala, Sweden). Intact cRNA was
eluted as a distinct peak in fractions 8-11. The cRNA of these fractions was
precipitated with ethanol and dissolved in water to a concentration of 0.5 µg
µl-1.
I n j e c t i o n  o f  c R N A  i n t o  o o c y t e s
Ovaries were surgically isolated from Xenopus laevis frogs anaesthetised
with 0.1 % (w/v) 3-aminobenzoic acid ethyl ester methanesulfonate salt in
water (Sigma Aldrich, Saint Louis, USA) and placed in modified Barth’s
solution (MBS:  0.33 mM Ca(NO3)2, 0.41 mM CaCl2, 88 mM NaCl, 1 mM
KCl, 2.4 mM NaHCO3, 10 mM HEPES pH 7.4, 0.82 mM MgSO4). An ovary
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was torn into small pieces, containing about 10 oocytes each and defolliculated
in MBS with ˜15 U collagenase A (Roche Diagnostics) in a final volume of
30 ml for two hours at room temperature. At the end of the reaction, the
collagenase was carefully washed away by rinsing the oocytes five times in 30
ml MBS. Stage V and VI oocytes (Dumont 1972) were collected and stored
at 18°C in MBS to which ˜10 µg ml
-1 gentamycin (Sigma Aldrich) was added.
The next day, oocytes were injected with 25 ng cRNA in 50 nl ultrapure
water (for determining water permeability), or 11.5 ng cRNA in 23 nl
ultrapure water (for solute uptake experiments) by using a Nanoject Auto /
Oocyte Injector (Drummond Sci. Co., PA, USA). As a control treatment,
oocytes were injected with equal volumes of ultrapure water. The day after
injection the vitelline membrane around vital oocytes was manually peeled
off with two forceps. This horrid job was made easier by incubating oocytes
for 5 min in a hypertonic solution (250 mM sucrose, 60 mM KCl, 10 mM
EGTA, 8 mM MgCl2, 40 mM HEPES pH  7.0) by wich the vitelline layer
became detached from the oocyte (Silberberg and Magleby 1997).
W a t e r  p e r m e a b i l i t y  a s s a y
The osmotic water permeability of the oocyte membrane was determined
one day after cRNA injection. Single oocytes were transferred to 10% (v/v)
MBS and immediately observed under a microscope (Zeiss Axioskoop
equipped with a Nikon digital camera DXM1200). During 2 minutes, a
sequence of digital photographs was made at 5-second intervals. The osmotic
water permeability (P f) of the oocyte membrane was calculated from the initial
rate of relative cell volume change (dVrel) using the formula
(1)
with initial oocyte volume V0 = 0.9 mm
3, initial oocyte surface area S = 4.5
mm2 , molar volume of water Vw =  18 cm
3 mol-1, the osmolarity in the oocyte
osm in = 200 µmol cm
-3 and the osmolarity of the hypotonic medium osmout =
20 µmol cm-3. 
S o l u t e  p e r m e a b i l i t y  a s s a y
To determine solute permeabilities of the oolemma, uptake experiments
with radioactively labelled solutes were performed with 18 to 24 oocytes per
experiment. Oocytes were incubated for 15 min at room temperature in 3 ml
90% (v/v) MBS supplied with ~1 µCi of either [14C]-glycerol (160 µCi/mmol),
[14C]-urea (57 mCi/mmol), [14C]-glycine (101 mCi/mmol) or 0.5 - 1 µCi
[33P]-orthophosphate (ICN, Costa Mesa, USA). Labelled phosphate was
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diluted in a sodium phosphate buffer with a final concentration of 10µM. The
[14C]-labelled chemicals were obtained from Amersham Pharmacia Biotech,
Buckinghamshire, UK.
After incubation, the oocytes were rinsed three times in ice-cold 90%
(v/v) MBS. Oocytes were transferred individually to the wells of a sample
plate (Wallac Oy, Turku, Finland) and destructed by incubating in 100 µl 10%
(w/v) SDS at 35°C for several hours. To each well 300 µl scintillation solution
(Optiphase supermix, Wallac Oy, Turku, Finland) was added and the amount
of radioactivity taken up was measured for every single oocyte by liquid
scintillation counting (1450 MicroBeta Plus, Wallac Oy). 
R e s u l t s  
Four cRNAs, encoding Major Intrinsic Proteins from developing pea
seeds (chapter 4), were translated in Xenopus oocytes. For that purpose, the
coding sequences of PsPIP1-1, PsPIP2-1, PsγTIP-1, and PsNIP-1 were
subcloned in a vector designed to prepare cRNA for transient expression in
oocytes. Uptake experiments with water and radioactively labelled solutes
were performed with the oocytes to obtain information about the functional
properties of the four MIPs. 
Preliminary experiments were carried out to determine what amount of
cRNA had to be injected into oocytes to obtain maximal water permeability.
Oocytes were injected with 2 to 50 ng cRNA / oocyte, and transferred to
10% MBS. The rate of water uptake induced by the osmotic gradient was
recorded by the time needed for bursting (data not shown). This time appeared
to be the same when oocytes were injected with 10 to 25 ng cRNA, but
injection of less or more cRNA increased the time before bursting. Maximum
functionality was obtained one day after injection, and remained unchanged
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F i g u re  1 .  Relative volume
change (V/V0) of oocytes after
transfer to 10% MBS. Oocytes of
Xenopus laevis were injected
with 25 ng cRNA coding for
PsPIP1-1, PsPIP2-1, PsγTIP-1 or
PsNIP-1. For each MIP the result
obtained with a single,
representative oocyte is shown.
The used symbols and mean
values of the osmotic water
permeability (Pf) are shown in
table 1.
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for at least three days. Northern blotting of cRNA isolated from oocytes at
several points in time after injection, showed that cRNA degraded from two
days after injection (data not shown).
A more precise way to determine the osmotic water permeability (Pf) of
oocyte membrane was to monitor the swelling rate of oocytes in hypotonic
solution by video microscopy. In fig. 1 the swelling trace is shown for oocytes
injected with 25 ng cRNA of either PsPIP1-1, PsPIP2-1, PsγTIP-1 or PsNIP-
1. Oocytes injected with water were used as a control. The corresponding Pf
values are reported in table 1. Expression of PsPIP1-1 in Xenopus oocytes had
no effect on the swelling rate of the oocytes, whereas PsPIP2-1 increased the
Pf approximately 5 times, from 10.2 µm s
-1 to 52.3 µm s-1. Slight but significant
increases in Pf were measured in oocytes expressing PsγTIP-1 by a factor of
1.2 or PsNIP-1 by a factor of 1.3. 
To test the permeability for solutes, uptake experiments with [14C]-
glycerol, [14C]-urea, [14C]-glycine, and [33P]-orthophosphate were performed.
Oocytes were injected with 11.5 nmol cRNA and incubated in 90% (v/v)
MBS supplied with 1µCi of the radiotracer. After 15 min, oocytes were
carefully washed and the amount of tracer uptake was measured for each
oocyte seperately. The amount of solutes taken up was compared with water-
injected oocytes from the same batch. Solute transport mediated by PsPIP1-1
was tested at both pH 5.5 and 7.4 (table 2). In half of the experiments in which
PsPIP1-1 was tested at low pH, the permeability increased for glycerol (6.3
and 2.0 fold) and glycine (3.6 and 1.6 fold). At neutral pH, glycerol uptake
increased in one experiment (1.8 fold), whereas membrane transport of urea
and phosphate did not change or was only slightly affected  (less than 1.3 fold
increase) after injection of PsPIP1-1. Expression of PsPIP2-1 did not affect
solute permeability of the oolemma (table 3). In some experiments, the uptake
of urea and glycine increased a little bit (1.6 and 1.4 fold, respectively), but
in several other experiments quite the reverse was observed. Similarly, PsγTIP-
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Table  1 .  Osmotic water permeabilities (Pf) of Xenopus oocytes one day after injection of 25 ng cRNA
coding for PsPIP1-1, PsPIP2-1, PsγTIP-1 or PsNIP-1. Water injection was used as a control. Oocytes were
isolated from at least three different frogs. Pf values indicated with different letters were significantly
different according to ANOVA with Bonferroni adjustment, p<0.05.
symbol Pf relative 
(µm s-1) increase
PsPIP2-1 P 52.3 ± 4.2 (a) 5.13
PsNIP-1 B 13.6 ± 0.9 (b) 1.33
PsTIP-1 H 12.3 ± 0.7 (b) 1.21
PsPIP1-1 F 9.8 ± 0.5 (c) 0.96
Control E 10.2 ± 0.7 (c) 1.00
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1 had hardly any effect on the permeability of the solutes tested (table 4).
Expression of PsNIP-1 induced a distinct and reproducible increase in the
permeability of glycerol, but that of urea, glycine and phosphate was not
affected (table 5).
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Ta b l e  2 .  Solute uptake (± SEM) by oocytes after expression of PsPIP1-1 . Uptake of radioactive
substrate was determined after an incubation of 15 min in a solution containing [14C]-glycerol, [14C]-
urea, [14C]-glycine or [33P]-phosphate. The amount of radiotracer (cpm) in the oocyte was used as a
measure for the amount of imported solutes, which is proportional to the permeability. Significant
increase (+) or decrease (-) in solute uptake after MIP expression as compared with the control is
calculated with the Mann-Whitney U-test. Although uptake by individual oocytes within a treatment
of one experiment showed little variability, the results of experiments performed with oocytes from
different frogs could be widely different. Therefore, the results for each experiments are given
separately. Experiments performed with oocytes from the same frog are marked with the same letter.
oocyte control PsPIP1-1 relative MWU test
batch (cpm) (cpm) change (p<0.05)
glycerol uptake
pH 5.5 a 112±7 702±30 6.3 +
b 45±4 89±11 2.0 +
c 45±3 39±1 0.9
d 40±1 36±1 0.9
pH 7.4 e 80±10 59±2 0.7
f 40±2 36±4 0.9
g 51±3 54±2 1.1
h 38±3 70±9 1.8 +
urea uptake
pH 5.5 a 54±5 63±6 1.2
b 33±1 32±1 1
pH 7.4 e 40±4 33±1 0.8 -
f 32±1 34±1 1.1
glycine uptake
pH 5.5 a 83±6 302±15 3.6 +
b 38±2 64±4 1.6 +
c 47±4 46±6 1
d 44±1 48±2 1.1
pH 7.5 e 227±43 195±39 0.9
f 42±3 39±3 0.9
g 66±2 58±2 0.9 -
h 151±5 118±6 0.8 -
phosphate uptake
pH 5.5 a 38±1 44±1 1.2 +
b 35±5 32±1 0.9
pH 7.4 e 111±19 148±4 1.3 +
f 53±7 96±17 1.8
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D i s c u s s i o n
Heterologous expression of Major Intrinsic Proteins is commonly
performed in Xenopus oocytes. Because of the low endogenous permeability
for both water and solutes, oocytes are well suited to test transport proteins.
Tables 6-9 summarise all permeability data currently obtained for MIPs from
plants. To characterise the water permeability of a protein, a Pf value is
calculated from the swelling rate of oocytes in hypotonic solution. However,
without precise quantification of the amount of protein located in the
membrane, it is impossible to determine the single channel conductivity of a
protein from uptake experiments. All that can be concluded is whether water
is transported or not.  Therefore Pf is just a relative value that does not permit
a quantitative comparison between proteins. Nevertheless, Pf-values derived
from separate experiments with the same protein ought to be the same.
However, for several MIPs, e.g. AtγTIP (table 8) or GmNOD26 (table 9)
different Pf-values have been obtained.
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Tab le  3 .  Solute uptake (± SEM) by oocytes after expression of PsPIP2-1. Experimental conditions
were as described for table 2.
oocyte control PsPIP2-1 relative MWU test
batch (cpm) (cpm) change (p<0.05)
glycerol uptake
pH 5.5 a 181±13 173±19 1.0
b 44±2 36±1 0.8 -
pH 7.4 c 54±4 46±5 0.9
urea uptake
pH 5.5 a 34±1 40±6 1.2
b 32±1 33±1 1.0
pH 7.4 c 35±2 55±8 1.6 +
d 36±2 42±7 1.2
glycine uptake
pH 5.5 a 126±20 182±17 1.4 +
b 49±3 32±1 0.7 -
pH 7.4 c 88±4 72±4 0.8 -
phosphate uptake
pH 5.5 a 51±4 60±8 1.2
b 43±2 35±1 0.8 -
pH 7.4 c 60±9 66±6 1.1
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Provided that the protein is synthesised in an active form, the activity
measured for a membrane protein will depend on several factors. (1) The
amount of RNA injected. After in vitro synthesis, it is not possible to precisely
quantify the cRNA concentration, because of the high amount of non-
incorporated bases. Therefore, the cRNA has to be purified, for example by
the method described in this chapter. Only a few publications mention such
purification. (2) The stability of the cRNA in the oocyte. In oocytes, it is
essential that diguanosine triphosphate (m7GpppG) is incorporated in the
cRNA as 5’ terminal cap. Capped RNA is stable for several days, whereas
uncapped RNA is degraded in oocytes within 15 min (Krieg and Melton
1984). The percentage of cRNA that is capped during in vitro synthesis
depends on the ratio of capped and non-capped guanosine in the transcription
mixture. However, hardly any publication mentions this ratio. (3) The time
period between cRNA injection and the actual uptake experiment. If this
period is too short, then the maximum amount of protein translated has not
been reached, but waiting too long results in net protein degradation.
Therefore, optimising the oocyte incubation period is important.
The function of four MIPs from the coat of developing pea seeds was
examined after expression in Xenopus oocytes. From the experiments with
PsPIP1-1, no definite conclusions could be drawn (table 2). At pH 7.4, no
significant increase was found in membrane permeability for water or any
solute tested. When the pH of the incubation solution was lowered to pH
5.5, expression of PsPIP1-1 induced an increase in the permeability for
glycerol and glycine, but only in half of the experiments. Such irreproducible
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Ta b l e  4 .  Solute uptake (± SEM) by oocytes after expression of PsγTIP-1 . Experimental conditions
were as described for table 2.
oocyte control PsγTIP-1 relative MWU test
batch (cpm) (cpm) change (p<0.05)
glycerol uptake
pH 7.4 a 49±2 41±5 0.8
b 133±26 162±19 1.2
urea uptake
pH 7.4 a 38±5 35±1 0.9
b 43±4 52±3 1.2 +
glycine uptake
pH 7.4 a 49±2 46±1 0.9
b 240±33 268±29 1.1
phosphate uptake
pH 7.4 a 58±9 57±12 1
b 129±15 203±18 1.6 +
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results after heterologous expression of MIPs in Xenopus oocytes have been
observed before. δ-VM23 from Raphanus increased the Pf of the oolemma in
only 6 out of 15 experiments (Higuchi et al. 1998). For many other members
of the PIP1 subfamily no function could be claimed after heterologous
expression in Xenopus oocytes (table 6). Maybe PIP1 proteins serve a goal
other than tested for, or else the oocyte expression system is not appropriate
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Ta b l e  5 .  Solute uptake (± SEM) by oocytes after expression of PsNIP-1 . Experimental conditions
were as described for table 2.
oocyte control PsNIP-1 relative MWU test
batch (cpm) (cpm) change (p<0.05)
glycerol uptake
pH 7.4 a 44±1 321±14 7.3 +
b 42±2 288±15 6.9 +
c 132±16 274±11 2.1 +
urea uptake
pH 7.4 a 34±1 33±1 1.0
b 29±1 29±1 1.0
glycine uptake
pH 7.4 a 124±13 91±10 0.7
b 175±5 72±2 0.4 -
phosphate uptake
pH 7.4 a 98±19 91±15 0.9
b 82±2 23±3 0.3 -
Table  6 .  Overview of PIP1 subfamily-members that are functionally characterised by heterologous
expression in Xenopus oocytes. nr, not reported.
plant species protein Pf relative solute relative reference
(µm s-1) increase increase
Arabidopsis thaliana PIP1a n.r. 7.8 Kammerloher et al. 1994
PIP1b n.r. 7.0
PIP1c n.r. 12.1
Mesembryanthemum MipA 42 2.0 Yamada et al. 1995
crystallinum MipB 40 1.9
Nicotiana tabacum AQP1 14.5 2.3 glycerol 5.3 Biela et al. 1999
urea 2 Eckert et al. 1999
Zea mays PIP1 19 1.4 boric acid 1.3 Dordas et al. 2000
PIP1a 20 1.3 Chaumont et al. 2000
PIP1b 20 1.3
Lycopersicon TRAMP 33.1 1.1 Werner et al. 2001
esculentum AQP2 44.3 1.5
Spinacia oleracea PM28B n.r. 1 Chaumont et al. 2000
Oryza sativa RWC1 70 2-3 Li et al. 2000
Brassica campestris MIP-MOD 26 1.8 ammonia n.r. Dixit et al. 2001
Pisum sativum PIP1-1 9.8 1 glycine 1-3.6 this study
glycerol 1-6.3
phosphate 1-1.8
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for these proteins. This can result from any missing factor in the oocyte needed
for the production of active proteins (Werner et al. 2001). 
It has also been attempted to deduce the function of PsPIP1-1 from gene
expression studies. RNA analysis using northern blotting revealed that PsPIP1-
1 could be induced by water stress (Guerrero et al. 1990), but this is hard to
understand for a member of a protein family of which representatives are
known to increase either water or solute permeability. In another study,
expression of a PsPIP1-1 promotor::GUS construct in transgenic tobacco
showed high GUS activity in vascular bundles and other tissues in which
membrane transport of assimilates is likely to occur, like cotyledons, floral
tissues and meristems (Jones and Mullet 1995). This was interpreted as an
indication that the protein could be involved in solute transport.
PsPIP2-1 has a considerable permeability for water, but not for any of
the solutes tested (table 3). PsPIP2-1 can therefore be regarded as an orthodox
aquaporin. This is in accordance with the findings published for other proteins
of the PIP2 subfamily expressed in Xenopus oocytes. All these proteins induced
an increase of the Pf, varying between 5 times up to about 20 times, while
solute transport has never been observed (table 7). 
In seed coats the unloading of assimilates to the apoplast is accompanied
by the transport of water across the plasma membrane. Water is transported
to the developing seeds by the phloem bulk flow that delivers nutrients from
the mother plant. In order to maintain the phloem sap stream, the imported
water has to be released from the seed coat parenchyma cells, which are
symplasmically connected with the sieve elements. This could be mediated by
way of PsPIP2-1. 
Expression of PsγTIP-1 induced a slight, but significant increase of the
osmotic water permeability of oocytes and in some of the experiments a trifling
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Table  7 .  Overview of PIP2 subfamily-members that are functionally characterised by heterologous
expression in Xenopus oocytes. nr, not reported.
plant species protein Pf relative solute relative reference
(µm s-1) increase increase
Arabidopsis thaliana RD28 220 22 Daniels et al. 1994
135 10 Chaumont et al. 2000
279 19 Dixit et al. 2001
PIP2a n.r. 16.4 Kammerloher et al. 1994
PIP2b n.r. 27.8
31 4.8 Biela et al. 1999
PIP3 111 5.6 Weig et al. 1997
Spinacia oleracea PM28A 115 8.2 Johanson et al. 1998
Zea mays PIP2a 135 9.6 Chaumont et al. 2000
PIP3 88 6.8 Dordas et al. 2000
Pisum sativum PIP2-1 52.3 5.1 this study
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increase of solute uptake was observed. These results are consistent with what
has been described for other TIP-likes, although the increase of the Pf when
functionally assayed in Xenopus oocytes was generally much higher (table 8).
It could be that PsγTIP-1, unlike other members of the TIP-subgroup, is
poorly targeted to the oocyte membrane. This can be tested by
immunolocalisation of the protein in the oocyte. Antibodies specific for a γTIP
from pea are described by Jauh et al. (1998, 1999). Most likely, PsγTIP-1 can
be recognised by these antibodies since the epitope with which the antibody
reacts is present in PsγTIP-1. 
PsNIP-1 appeared to be an aquaglyceroporin. Like all other NIP
homologues that have been functionally characterised in oocytes (table 9),
PsNIP-1 facilitated the transport of water and glycerol after expression in
oocytes (table 5). Northern blotting revealed that PsNIP-1 is expressed in the
seed coat (chapter 3) while close relatives of PsNIP-1, GmNOD26 and LIMP2,
are expressed in the symbiosome membrane of root nodules (Weaver et al.
1994 , Guenther and Roberts 2000). Both tissues are involved in assimilate
transport, which suggests a possible correlation with the expression of these
genes and solute transport. However, the relevance of glycerol transport has
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Tab le  8 .  Overview of TIP subfamily-members that are functionally characterised by heterologous
expression in Xenopus oocytes. nr, not reported. *, original values reported by the authors were 9-
fold lower, since their calculation of Pf compensated for an invaginated oocyte membrane.
plant species protein Pf relative solute relative reference
(µm s-1) increase increase
Arabidopsis thaliana γTIP 100-150 6-8 Maurel et al. 1993
180 18 Daniels et al. 1994
198 15-20 Daniels et al. 1996
170 17 Sarda et al. 1997
55.9 7 Gerbeau et al. 1999
105 11 Maurel et al. 1995
δTIP 155 12-16 Daniels et al. 1996
Glycine max αTIP 44.7 4-8 Maurel et al. 1995
20 3.2 Krajinski et al. 2000
16.6 2.5 Biela et al. 1999
Helianthus annuus δTIP7 62.1 6.4 Sarda et al. 1997
δTIP20 64.4 6.6
δTIP18 70 7 Sarda et al. 1999
γRB7 92 9
Zea mays γTIP1 98 4-5 Chaumont et al. 1998
Raphanus sativus γVM23 84 6 Higuchi et al. 1998
δVM23 67 6
Nicotiana tabacum δTIPa 17.2 2 glycerol 1.5 Gerbeau et al. 1999
urea 3.9
Medicago truncatula γAQP1 20.8 3.3 Krajinski et al. 2000
Lotus japonicus γLIMP1 36* 3.5 Guenther and Roberts 2000
Pisum sativum γTIP-1 12.3 1.2 this study
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never been indicated for these plant organs. Therefore, the function of the
NIPs in planta remains unsolved. 
Other experimental systems have been used to find out whether NIPs
could transport solutes other than glycerol. Reconstitution of GmNOD26 in
planar lipid bilayers induced ion transport with a slight preference for anions
(Weaver et al. 1994). On the other hand, functional reconstitution of
GmNOD26 in proteoliposomes has confirmed only water and glycerol
permeability (Dean et al. 1999). Functional complementation of a yeast mutant
defected in a glycerol permease with NIPs from Arabidopsis (AtNLM1 and
AtNLM2) revealed that these proteins are permeable to glycerol. Expression
of these proteins in a multiple deletion mutant of yeast defective in more than
twenty sugar carriers and two glucose sensors, gave no indications for
permeability to any sugar (Weig and Jakob 2000).
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Tab le  9 .  Overview of NIP subfamily-members that are functionally characterised by heterologous
expression in Xenopus oocytes. nr, not reported. *, original values reported by the authors were 9-
fold lower, since their calculation of Pf compensated for an invaginated oocyte membrane.
plant species protein Pf relative solute relative reference
(µm s-1) increase increase
Glycine max NOD26 22.5* 6 Rivers et al. 1997
40.5* 4 glycerol 2-4 Guenther and Roberts 2000 
glycerol 5-10 Dean et al. 1999 
Arabidopsis thaliana NLM1 164 5.5 Weig et al. 1997
65 5 Dordas et al. 2000
Lotus japonicus LIMP2 28.8* 2.8 glycerol 2-5 Guenther and Roberts 2000 
Pisum sativum NIP-1 13.6 1.3 glycerol 2-7 this study
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C h a p t e r  6
Genera l  d i s cuss ion
U n l o a d i n g  i n  p e a  s e e d  c o a t s
The research described in this thesis concerns transport processes in coats
of developing pea seeds. The scope of the investigation ranges from seed coat
anatomy, via transport studies to the cloning of cDNA encoding proteinaceous
membrane pores, and the heterologous expression of these proteins to analyse
their function. 
Pea seed coats do not have an extensive vascular web. Nevertheless,
assimilates imported from the mother plant are distributed throughout the
entire seed coat (Grusak and Minchin 1988). Transport studies with the
fluorescent symplast tracer HPTS (8-hydroxypyrene 1,3,6-trisulfonic acid, also
known as pyranine), showed that solutes can be transported via plasmodesmata
through the chlorenchyma and ground parenchyma of the pea seed coat
(chapter 2). Probably, assimilates imported from the mother plant are
distributed over the seed coat by the same route. Along this symplasmic
pathway, assimilates are unloaded into the seed coat apoplast. It might be
expected that unloading occurs in the branched parenchyma, because these
cells are nearest to the embryo. However, the cells of the branched
parenchyma appeared to be symplasmically isolated from the ground
parenchyma. Moreover, this cell layer deteriorates during seed development.
The seed coat contains an extensive web of liquid filled intercellular spaces,
which facilitate transport from the site of unloading to the cotyledons.
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Angelina de Jong and co-workers estimated the membrane permeability
of the plasma membranes of pea seed coat parenchyma cells for sucrose and
amino acids from the efflux of endogenous solutes as well as from the influx
of exogenously supplied substrates (De Jong and Wolswinkel 1995, De Jong
et al. 1996, 1997). For all solutes they tested, the permeability was in the order
of 10-7 cm s-1, which lead to the idea that these solutes may be transported by
a single transport system. The permeability appeared to be independent of the
substrate concentration in the incubation medium, and was at least 105-fold
higher than expected for diffusion through a lipid bilayer. In addition, both
efflux and influx could be inhibited by the sulfhydryl reagent pCMBS (p-
chloromercuribenzene sulfonic acid). Taken together, these results indicated
that unloading of sugars and amino acids from pea seed coat parenchyma cells
is mediated by poorly selective, proteinaceous pores.
To investigate the permeability of seed coat parenchyma plasma
membranes  for electrically charged molecules, the uptake of the organic cation
choline, and the amino acid histidine were characterised (chapter 3). At pH
7, histidine is mainly present in its neutral, zwitterionic form, but at pH 5,
the cationic form prevails. The influx of the cations showed apparent saturable
kinetics. However, at equilibrium the ratio of intra- and extracellular substrate
concentrations decreased to 1 at increasing cation concentration in the
incubation medium. According to the Nernst-equation, this implies that the
membrane potential, which is one of the driving forces for cation transport,
had collapsed. Probably, the import of positive charge became too high to
compensate for, so the membrane potential depolarised (Smith 1973, Borst-
Pauwels 1993). This was confirmed by measuring the membrane potential of
seed coat parenchyma cells while changing the cation concentration in the
medium. At zero membrane potential, the permeability of cations was similar
to that of neutral solutes, indicating that cations may be transported by the
same pore as neutral solutes.
The idea of poorly selective pores lead to the formulation of the Supply
follows Demand model (chapter 3, fig. 6b), which offers a simple concept for
the regulation of assimilate unloading in the seed coat of legumes. This model
is further discussed in the second part of this chapter.
Solutes that are unloaded into the apoplast are transported from the
mother plant to the seed coat by the phloem. Together with these solutes,
water is imported into the seed coat, which has to be released from the seed
coat parenchyma cells. The driving force for this efflux is the difference
between water potentials of the symplast and the apoplast of the seed
coat,which depend on the concentration of solutes in  both compartments is.
Therefore, membrane transport of solutes and water across the seed coat
parenchyma plasma membrane strongly influence each other. 
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Major Intrinsic Proteins (MIPs) may be involved in the entwined
processes of water and solute transport. In the first place because most MIPs
are known for their ability to transport water, and secondly, because some
MIPs (AQP9, Fps1p) have been found to facilitate the transport of a range of
solutes (Tsukaguchi et al. 1998, Karlgren et al. 2000). To examine the presence
of MIPs in pea seed coats, a seed coat cDNA library was screened for MIP
clones. Four clones were isolated, which according to their amino acid
sequences, could be classified as members of three MIP subfamilies. Deduced
amino acid sequences of two cDNA clones showed highest homology to
Plasma membrane Intrinsic Proteins (PIP), and were named PsPIP1-1 and
PsPIP2-1. The protein encoded by the third clone, PsγTIP-1, showed high
similarity to Tonoplast Intrinsic Proteins (TIP). The fourth clone, PsNIP-1,
appeared to be a close relative of Nodulin-26, the founding member of the
Nod26-like Intrinsic Protein (NIP) subfamily. In the seed, all these genes have
their own specific temporal expression pattern (chapter 4). Expression of
PsNIP-1 appeared to be seed coat specific, while PsPIP1-1, PsPIP2-1 and
PsγTIP-1 were expressed in all plant organs examined. In dry, mature seeds,
only transcripts of PsPIP1-1 were abundantly present. 
Deduced amino acid sequences of the proteins were compared with those
of human AQP1 and GlpF, the glycerol facilitator of Escherichia coli (chapter
4). For these MIPs the three-dimensional structure has been resolved (Murata
et al. 2000, Fu et al. 2000). Several amino acid residues that line the water-
selective pore of AQP1 were also found in PsPIP1-1 and PsPIP2-1. In PsNIP-
1, some amino acid residues correspond to those that border the glycerol
selectivity filter of GlpF.
To determine the permeability for water and solutes (glycerol, urea,
glycine and phosphate) of the four pea MIPs, they were functionally assayed
after heterologous expression in Xenopus oocytes (chapter 5). For PsPIP2-1
and PsNIP-1, the function predicted by the amino acid sequence analysis was
confirmed. These proteins facilitated the transport of water or glycerol,
respectively. In addition, expression of PsNIP-1 increased the water
permeability of the oocyte membrane slightly, but significantly. In relation to
unloading of water and assimilates in the coat of developing pea seeds, it was
suggested that PsPIP2-1 may be involved in the efflux of phloem-imported
water from the parenchyma cells. Since glycerol is not known to be a major
osmolyte in plants and animals, the function of the glycerol transporters like
PsNIP-1, as well as their mammalian counterparts (AQP3, AQP7, AQP9),
remains elusive. It may be speculated that PsNIP-1and other aquaglyceroporins
serve as solute channels for as yet unidentified solutes. Expression of PsγTIP-
1 induced only a slight increase of the water permeability. This is in contrast
to what has been described for other TIP homologues expressed in Xenopus
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oocytes, which all highly increased (more than 5-fold) the water permeability
of the oolemma. After expression in oocytes PsPIP1-1 showed no water
conductivity at all. But in half of the experiments performed at pH5.5 instead
of 7.4, PsPIP1-1 induced transport of glycerol and glycine. Because of the
inconsistency of these experiments, it is premature to designate PsPIP1-1 as a
(pH-sensitive) channel for solutes.
R e g u l a t i o n  o f  u n l o a d i n g ;  
t w o  m o d e l s ,  o n e  c o n c e p t
Nutrient transport rates towards a plant embryo depend on hydraulic
conductivities of, and  turgor pressure gradients in the transport pathway.
Turgor pressure of seed coat parenchyma cells is strongly influenced by the
release of osmolytes into the apoplast. The regulation of solute flux into the
seed apoplast is described by two models: the Turgor Homeostat model
(Patrick 1994) and the Supply follows Demand model (chapter 3). In the
Turgor Homeostat model a feed back mechanism is postulated that increases
solute release from the seed coat parenchyma cells when the turgor of these
cells exceeds a certain threshold value (see also fig. 7a, chapter 3). This may
happen when the embryo takes up solutes from the seed coat apoplast, which
results in a less negative water potential of the apoplast and an osmotic water
flow into the seed coat parenchyma cells. On the other hand, the Supply
follows Demand model is based on the presence of non-selective pores in the
seed coat membrane (see figure 7b, chapter 3). Solute release from the apoplast
is driven through this pore by the concentration gradient of the solutes across
the seed coat parenchyma cell membrane. Uptake of solutes from the apoplast
decreases the concentration of these solutes in the seed coat apoplast, thereby
increasing the concentration gradient across the seed coat parenchyma cell
membrane, thus stimulating efflux. Such a mechanism has also been suggested
for developing wheat grains (Wang and Fischer 1995). Both models do not
exclude each other, since it can be envisaged that the permeability of a pore
is turgor-regulated. The effect of turgor on the membrane permeability can
be easily assessed by uptake experiments with isolated pea seed coats incubated
in a hypotonic medium.
The Supply follows Demand model has been criticised in Patrick and
Offler (2001): “Release by facilitated diffusion from maternal seed tissues
provides a mechanism specific for each nutrient to respond to filial demand.
However, if the filial demand is for major transported nutrients, then a decline
in their apoplasmic pool sizes translates into an osmotic change. This change
will cause turgor pressures of maternal cells to rise. If the maternal apoplasm
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is continuous, phloem pressure will also rise bringing about an untenable
situation in which increased nutrient demand would result in slowing phloem
import.” 
Although this comment focuses on facilitated diffusion, this criticism
applies to active transport too. What matters, is that the permeability for the
“major transported nutrients” is within the same range as for water. More
importantly, the essential feature of the Supply follows Demand model has
not been taken into consideration. A decrease in the osmolyte concentration
in the apoplast, does not only drive an osmotic water flow into the seed coat,
it will also result in solute efflux from the seed coat parenchyma cells. Since
turgor is only maintained in the presence of a concentration gradient across
the plasma membrane, solute release from the parenchyma cells will avoid the
development of an “untenable turgor pressure” in the seed coat.
It must be kept in mind that changes in turgor pressure are not only
induced by variations in the osmotic potential in the apoplast, but also by
alterations in the symplast, e.g. resulting from starch breakdown. By tuning
the water permeability of plasma membrane and tonoplast, a plant cell is able
to buffer osmotic alterations in the cytosol, either with eminent changes in
cell volume or by a water flux between the cell compartments, thus hardly
affecting cell volume.  To prevent that an increase in solute concentration in
the cytosol results in a rise of turgor pressure, and thus in assimilate efflux,
even when this is not in line with the needs of the embryo, a seed coat
parenchyma cell must adjust the water permeability of both plasma membrane
and tonoplast. A possible way to regulate the permeability of MIPs is by
phosphorylation. It has been shown that the water permeability of PM28A
and αTIP expressed in oocytes increases after phosphorylation (Johanson et
al. 1996, Maurel et al. 1995). Three of the pea MIPs (PsPIP2-1, PsγTIP-1,
and PsNIP-1) contain putative phosphorylation sites, either for protein kinase-
A (PKA), for which no plant homologue is known, or for calcium-dependent
protein kinase (CDPK). It would be very interesting to investigate the role
of these phosphorylation sites in the regulation of the membrane permeability
for water in pea seed coats. 
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Samenvatt ing
Het zaad van een erwtenplant (Pisum sativum L.) bestaat uit een embryo
dat wordt omgeven door een zaadhuid. Het reservevoedsel, dat nodig is tijdens
de vroege ontwikkeling van het kiemplantje, is opgeslagen in de cotylen van
het embryo. Tijdens de ontwikkeling van het zaad worden voedingsstoffen
uit de moederplant via het floeem en de zaadhuid naar de cotylen van het
embryo getransporteerd. Omdat het embryo en de zaadhuid symplasmatisch
van elkaar gescheiden zijn, moeten de voedingsstoffen eerst door de zaadhuid
naar de apoplast worden afgescheiden, voordat ze opgenomen kunnen worden
door de cotylen. De fysiologie van het transport door de zaadhuid en de
ontlading naar de zaadhuid apoplast is in dit proefschrift onderzocht. 
Door erwtenzaadhuiden loopt slechts één vaatbundel, waarvan zich twee
korte floeemstrengen afsplitsen. De assimilaten die vanuit de moederplant naar
de zaadhuid worden aangevoerd, verspreiden zich echter wel door de hele
zaadhuid. Dit transport vindt plaats door  parenchymcellen die via
plasmodesmata symplasmatisch met elkaar verbonden zijn. Deze transportweg
is zichtbaar gemaakt met behulp van de fluorescerende symplast tracer 8-
hydroxypyreen-1,3,6-trisulfonzuur (HPTS). HPTS werd via het floeem
aangevoerd naar het zaad en vervolgens radiaal en lateraal, via het chlorenchym
en grondparenchym, in de zaadhuid getransporteerd. De binnenste cellagen,
die van het vertakt parenchym, werden door de kleurstof niet bereikt. Het is
aannemelijk dat de voedingsstoffen voor het embryo van de zelfde route
gebruik maken als HPTS. Ontlading naar de apoplast vindt naar alle
waarschijnlijkheid dan ook in het chlorenchym of grond parenchym plaats.
De zaadhuidapoplast bestaat uit een uitgebreid web van met vloeistof gevulde,
intercellulaire holten. Deze structuur versnelt waarschijnlijk de diffusie van
voedingsstoffen naar het embryo.
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De ontlading van sucrose en electrisch neutrale aminozuren in
erwtenzaadhuiden wordt verondersteld plaats te vinden via diffusie door niet-
selectieve, porie-vormende eiwitten in de plasmamembraan van
zaadhuidparenchym. De influx van exogeen toegediend, radioaktief gelabeld
choline (een organisch kation) en histidine (een aminozuur dat bij pH 5
voornamelijk voorkomt als kation) door erwtenzaadhuiden lijkt verzadigbaar
te zijn. Bij lage substraatconcentraties in het opnamemedium (minder dan 10
µM) accumuleerden de kationen in de zaadhuidparenchymcellen, maar bij
hoge kationconcentraties (meer dan 100 mM),  werd de evenwichtscon-
centratie van substraat in het cytosol gelijk aan de substraatconcentratie in het
medium. Volgens de Nernst-vergelijking moet de membraanpotentiaal dan
verdwenen zijn. Deze hypothese werd bevestigd door membraanpotentiaal-
metingen aan zaadhuidparenchymcellen die in een doorstroomopstelling
werden blootgesteld aan incubatiemedia met wisselende ionenconcentraties.
De schijnbare verzadigingskinetiek van de opname van kationen kon zodoende
beschreven worden als electrodiffusie, waarbij de electrische komponent van
de drijvende kracht wegviel bij hoge substraatconcentraties. Het bleek dat de
permeabiliteit van de membraan, in afwezigheid van een electrische potentiaal,
voor de geteste kationen van de zelfde grootteorde was als de permeabiliteit
voor ongeladen stoffen. Het lijkt daarom dat ionenafgifte uit de zaadhuid
plaatsvindt via dezelfde porie-eiwitten als waardoor sucrose en neutrale
aminozuren worden getransporteerd.
Behalve voedingsstoffen voor het embryo, wordt er via het floeem ook
water de zaadhuid binnengebracht. Water dat niet gebruikt wordt voor
bijvoorbeeld celstrekking van embryocellen, wordt weer afgevoerd uit het
zaad. In alle gevallen moet het water eerst vanuit de zaadhuid naar de apoplast
ontladen worden. Hierbij zijn waarschijnlijk aquaporinen betrokken. Aqua-
porinen zijn porievormende membraaneiwitten die behoren tot de eiwitfamilie
van de Major Intrinsic Proteins (MIPs). Screening van een cDNA bank van
de erwtenzaadhuid leverde cDNA-klonen op die coderen voor vier
verschillende MIPs. Op basis van homologie tussen de afgeleide amino-
zuursequenties van de MIPs uit erwt en andere, reeds eerder beschreven MIPs,
werden de eiwitten ingedeeld in verschillende subtypen van de MIP-familie.
PsPIP1-1 en PsPIP2-1 bleken tot de Plasma membrane Intrinsic Proteins (PIPs)
te behoren, PsγTIP vertoonde grote overeenkomst met Tonoplast Intrinsic
Proteins (TIP) en PsNIP-1 leek het meest op eiwitten uit de NIP-groep,
waartoe ook het glyceroltransporterende Nodulin-26 uit wortelknolletjes van
de sojaboon  behoort. 
Northern analyse liet zien dat tijdens de zaadontwikkeling alleen PsNIP-
1 specifiek in de zaadhuid tot expressie kwam. Transcriptieproducten van de
drie andere MIP-genen werden ook in de rest van de plant aangetroffen. In
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afgerijpt, droog zaad bleef de hoeveelheid RNA van PsPIP1-1 hoog, terwijl
dat van de andere MIPs niet meer detecteerbaar was. 
De aminozuur volgorde van de vier MIPs is vergeleken met die van een
humaan aquaporine, AQP1, en een glycerol transporterende MIP, GlpF, uit
Escherichia coli. Van deze eiwitten is de drie-dimensionale structuur bekend.
Het bleek dat enkele karakteristieke aminozuren voor de poriestructuur van
AQP1 ook voorkomen in PsPIP1-1 en PsPIP2-1. Van deze twee eiwitten zou
daarom verondersteld kunnen worden dat het waterselectieve poriën zijn.
Enkele  aminozuurresiduen die in GlpF de specificiteit voor glyceroltransport
bepalen, zijn op een vergelijkbare plaats ook aanwezig in PsNIP-1. Dit wijst
erop dat PsNIP-1 mogelijk een glycerolkanaal is.
Om de selectiviteit van de vier MIPs experimenteel te bevestigen, zijn
de eiwitten heteroloog tot expressie gebracht in Xenopus oocyten, waarna de
doorlaatbaarheid voor water, glycerol, ureum, glycine en fosfaat bepaald werd.
Zoals verondersteld, verhoogde expressie van PsPIP2-1 de waterpermeabiliteit
van de oolemma aanzienlijk. Het is daarom goed mogelijk dat PsPIP2-1 in
zaadhuid parenchymcellen betrokken is bij de afgifte van door het floeem
geïmporteerde water naar de apoplast. Conform de voorspelling bleek PsNIP-
1 permeabel voor glycerol. Bovendien bleek PsNIP-1, hoewel in beperkte
mate, doorlaatbaar voor water. Aangezien de aanwezigheid, laat staan de
functie, van glycerol in zaadhuiden nooit is aangetoond, is het niet duidelijk
waarom PsNIP-1 specifiek in zaadhuiden tot expressie komt. Dit geldt echter
ook voor de glyceroltransporterende aquaporines AQP3, AQP7 en AQP9 uit
zoogdiercellen. PsγTIP-1 bleek de permeabiliteit voor water slechts weinig te
verhogen. Dit is in tegenstelling tot wat voor andere, functioneel
gekarakteriseerde TIPs beschreven is. Injectie van cRNA coderend voor
PsPIP1-1 induceerde absoluut geen watertransport. Wel werd in de helft van
de experimenten waarbij oocyten incubeerden in een medium van pH 5.5 in
plaats van pH 7.4, het transport van zowel glycerol als glycine gestimuleerd.
Gezien de inconsistentie van deze resultaten, is het voorbarig om PsPIP1-1 te
omschrijven als een membraanporie die permeabel is voor opgeloste stoffen
(zoals wel is geopperd voor PIP1-eiwitten) en gestimuleerd wordt bij een lage
pH.
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Dank
Ad belde op: “Jij wordt mijn AiO”. En toen zat ik er aan vast, zonder
eigenlijk te weten waar ik precies aan begon. Tijdens een cursus
plantenfysiologie, waarbij ik samen met Ad “op zaal stond”, had hij een keer,
zo tussen neus en lippen door, iets gezegd over een nieuw ontdekte groep van
eiwitten, die het transport van water door celmembranen zouden kunnen
vergemakkelijken. Het leuke daaraan was, dat veel mensen de relevantie van
deze eiwitten nog ontkenden omdat het niet in het gevestigde beeld van de
membraantransportwetenschap zou passen.  “Het laatste woord zal er nog niet
over gezegd zijn.” profeteerde hij... Deze instelling leek me de juiste
voedingsbodem voor een promotie. En inderdaad, we hebben er sindsdien
nog heel veel woorden aan gewijd. Altijd waren dit geestdriftige gesprekken,
vaak afgewisseld met gegrinnik of lange schaterlachen, soms heel serieus en
vol met kritiek (die ik dan natuurlijk nooit meteen wilde accepteren), en altijd
weer kregen deze gesprekken een vervolg. En altijd vonden we weer iets
nieuws om over verder te praten. Ook als ik straks uitgevlogen ben, hoop ik
dat het laatste woord nog niet gezegd is.
Het praktische equivalent van Ad, vormt zonder enige twijfel Jolanda!
Behalve dat ik met haar m’n eerste stapjes in het moleculaire lab heb gezet,
hebben we bijna alle druppeltjes en korreltjes die ik de afgelopen jaren bij
elkaar gevoegd heb wel met elkaar besproken. Hetzij vooraf, om te
controleren of ik wel aan alles gedacht had, hetzij achteraf, omdat ik volstrekt
ten einde raad, geen enkel idee meer had waarom er nu weer zo iets raars en
onvoorspelbaars gebeurd was, maar gelukkig ook regelmatig om heel trots te
vertellen dat iets goed gelukt was. Een betere leerschool voor het leven in
een lab kan ik me eigenlijk niet voorstellen!
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Behalve aan Ad en Jolanda, ben ik aan veel meer mensen onnoemelijke
dank verschuldigd:
Ankie, voor alle mooie plaatjes in dit boekje. Maar ook voor die lange
foto-reeksen van die ANTI-lichamen, die uiteindelijk helemaal niet gebruikt
zijn in m’n proefschrift, maar die wel voor vele spannenende momenten achter
de microscoop hebben gezorgd.
Judith was altijd te vinden voor het gezellig samen pellen van bergen
erwtjes. Ik stemde m’n proefjes zoveel mogelijk op haar werktijden af, zodat
bij elk nieuw experiment onze eigen huis-soap, vol boeken, muziek, film,
theater en andere besognes een vervolg kreeg. Zo was het telkens weer jammer
als alle erwten gedopt waren.
Ramon, Madeleine, Alex, Gerco, Bas en Christiane: mijn studenten.
Door hun kritische vragen en opmerkingen werd ik telkens weer met m’n
beide benen op de grond gezet (“Ja maar…, dat onze resultaten met erwten
zo verschillen van die met tuinboon is toch helemaal niet raar. Ze smaken
tenslotte ook heel anders!”). Hun enthousiaste inbreng vindt duidelijk z’n
weerspiegeling in het verloop van mijn hele project.
Als Chris, Piet, Corné, Adriaan, Peter en Erik-Jan er niet voor mij waren
geweest, dan was m’n proefschrift er waarschijnlijk nooit gekomen. Zij hebben
allen een onmisbare functie gehad: Chris die als promotor een belangrijke rol
heeft gespeeld. Piet, waar ik altijd terecht kon als ik weer eens het spoor bijster
was geraakt tussen al die verschillende experimenten en publicaties uit het
verleden.  Corné, als “onze eigen” wandelende Maniatis,  Adriaan voor zijn
inbreng en de EM-foto’s in hoofdstuk 1, en Peter en Erik-Jan voor alle raad
en daad aangaande de MIPs en oocyt-experimenten.
Maaike, of het lot van mijn kamergenoot zijn… Het getuigt van een
bijzonder groot incasseringsvermogen om, omringd door mijn dino’s en
andere, soms moeilijk definieerbare rommel, telkens de eerste te zijn die mijn
aanvallen van (al dan niet wetenschappelijke) frustraties over zich heen gestort
moest krijgen… Het was mij een groots genoegen onze kamer te delen!
Het meest in het oog springende aspect van m’n hele promotie is verzorgd
door Marjolein, Femke en Pieter. Zij wisten namelijk altijd al mijn gepruts
en gekriebel om te zetten in aansprekende dia’s, posters en nu dan dit boekje. 
Voor het broodnodige alles-wat-niet-serieus-is-maar-wel-in-een-lab-
plaats-vindt, en meestal ook nog daarna, tot diep in de nacht (’t was iets met
bloemetjes, toch?) stonden Bor, René, Sas, Marjan, Ientse en Hans altijd
paraat. De volgende ochtend weer proberen te doen alsof werken aan een
universiteit een hele serieuze bezigheid is, viel dan meestal wel erg zwaar...
Een hele bijzondere plek in deze opsomming moet voor Jur gereserveerd
worden: zijn onuitputtelijke interesse om telkens weer precies te willen weten
wat ik nu eigenlijk allemaal aan het doen ben, de weerzinwekkende maaltijden
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bij de Viesgerechten, mijn statistiekproblemen, tafeltennissen in Lunteren,
vakanties (zelfs ook eens zonder klimmen…), en telkens als het afgelopen is:
“tot straks!”. Ik zal z’n vragende hoofd in de deuropening (“Koffie?”) zeker
missen. Onlosmakelijk verbonden is natuurlijk ook Fulco: vanaf onze
allereerste EJW-vergadering tot aan onze drie promoties (met tussendoor zelfs
ook eens een poging tot  klimmen in Nideggen) blijft hij altijd absoluut
onmisbaar om z’n altijd eigenzinnige analyses en opmerkingen. 
Formidabele intermezzi vormden de jaarlijkse excursies samen met Ara,
Han, Karin, Henk en Arno naar Zuid-Limburg, Terschelling, de Po-delta en
de Dolomieten. Als afwisseling tussen het moleculaire labwerk door, stonden
hier niet alleen planten, maar ook ecofysiogeologie, overheerlijk eten en heel
veel Grappa centraal. Zonder dit soort excursies is biologie geen biologie,
maar theorie! 
En tot slot zijn er al die vrienden met wie ik in de afgelopen jaren m’n
lief en leed gedeeld heb, in het bijzonder Ivo, Geert, Folkert, Ran, Femke,
Emilie en het thuisfront: mijn ouders, Corrie & Marius, Koen en Rogier,
Marleen, Clasien, Lisette en Marco. Thuis en thuis is langzamerhand door
elkaar heen gegroeid, maar de wetenschap om altijd thuis te kunnen komen
is mij erg dierbaar. 
Heel speciaal wil ik Gesa noemen! Zij was het afgelopen jaar vaak ver
weg, maar altijd heel intens aanwezig. Ik hoop dat we dit de komende jaren,
als ik in Berlijn zit, met dezelfde passie weten vol te houden.
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Curr i cu lum v i tae
Joost van Dongen werd op 2 januari 1973 geboren in Waddinxveen, maar
werd al snel mee naar Utrecht genomen om daar voorlopig maar te blijven
wonen. In 1991 haalde hij aan het College Blaucapel zijn VWO diploma.
Aansluitend begon hij zijn opleiding biologie aan de Universiteit Utrecht.
Tijdens zijn studie werkte hij als hovenier en klusjesman bij Bart en Eduard
Volmer, gaf rondleidingen in de botanische tuinen en verzorgde daar, samen
met Peter Assink, ook enkele botanische cursussen. Zijn eerste afstudeerproject
voerde hij uit bij de projectgroep Transportfysiologie. Onder begeleiding van
Aart van Bel onderzocht hij de invloed van temperatuur op verschillende
floeembeladingsmechanismen. Als onderdeel van deze stage nam hij, onder
leiding van Yuri Gamalei van de Universiteit in Sint Petersburg, deel aan een
expeditie naar de toendra van het Kola-schiereiland in Noord-Rusland. Zijn
tweede onderzoeksstage aan de landbouwuniversiteit Wageningen werd
begeleid door Dick Vreugdenhil en Peter Wittich, werkzaam bij respec-
tievelijk de vakgroepen Plantenfysiologie en Plantencytologie & Morfologie.
Hier werkte hij aan het ontwikkelen van een methode om de activiteit te
lokaliseren van enzymen die betrokken zijn bij de suikerstofwisseling in
aardappels. In 1997 keerde hij weer terug naar Utrecht, studeerde af, en begon
aansluitend bij Ad Borstlap aan zijn promotieonderzoek waarvan dit
proefschrift verslag uitbrengt. Na zijn promotie gaat hij weg uit Utrecht. Met
ingang van volgend jaar is hij aangesteld aan het Max Planck Instituut voor
moleculaire planten-fysiologie in Golm (dat ligt in de buurt van Potsdam, en
dat ligt dan weer tegen Berlijn aan) om in de onderzoeksgroep van Peter
Geigenberger te gaan werken aan de koolhydraathuishouding in rijstkorrels.
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